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CHAPTER 1 
INTRODUCTION 
The gene-5 protein of bacteriophage M13, which forms the subject of this the-
sis, is an example of the class of non-sitespecific single stranded DNA bind-
ing proteins. For several reasons it is attractive to study the nucleic acid 
binding properties of this protein. It is a small molecule compared to most 
nucleic acid binding proteins and therefore can serve as a relative simple 
model system. Furthermore, a significant amount of structural and functional 
information is now available for the protein (as well for the bacteriophage 
M13) so that rather penetrating questions can be asked with respect to its 
structure / function relationships. 
In the next sections a review will be given of literature which deals with bac-
teriophage M13 and its gene-5 protein. Finally an outline of this thesis will 
be given. 
1.1 BACTERIOPHAGE M13 
From an incubation of waste water samples with several types of Escherichia 
coli bacteria, Hofschneider discovered in 1963 some new types of bacterio-
phages, among which was bacteriophage M(unich) 13 [1 ] . Since then this 
bacteriophage has been extensively studied by means of genetical, biochemical 
and physical techniques. Nowadays its DNA is widely used as a vector in 
DNA recombinant experiments. 
1.1a The structure of bacteriophage M13 
A schematic drawing of the bacteriophage, as derived from biochemical and 
physical studies [2 ] , is given in Fig. 1.1A. M13 has a threadlike form (it is 
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Figure 1.1. A. Schematic representation of the structure of the M13 phage. 
The relative positions of the genes are indicated. Gene 10 is part of gene 2. 
The intergenic region (IR) is positioned between gene 2 and gene 4. The fig­
ure only shows the relative location of protein molecules and does not imply 
any interactions among proteins or between proteins and the DNA. 
В. Scheme for M13 DNA infection (reaction a), the three stages of phage repli­
cation (see text, reactions с to j) and phage morphogenesis (reaction k). The 
plus and minus sign denote the viral and complementary strands. The positions 
5757 and 5782 on the genome are the starting points for respectively comple­
mentary and viral strand synthesis. 
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9850 Â long and only 60 Ä wide) and is classified as one of the filamentous 
bacteriophages. The phage genome consists of a circular single-stranded 
DNA, 6407 nucleotides long, of which the sequence has been determined [3 ] . 
The genomic organisation is also indicated in Fig. 1.1A. The genome consists 
of 10 genes (after which the protein products are named) and a non-coding 
intergemc region. The DNA is predominantly encapsulated by approximately 
2700 molecules of the gene-8 protein (also called the major coat protein or 
B-protem). Thus the number of nucleotides corresponding with one coat 
protein amounts to about 2.3. The circular single stranded DNA m the cen-
ter is elongated along the axial length of the bacteriophage and occupies a 
core of less than 25 Â in diameter [4 ,5 ] . Apart from the major coat protein 
four types of minor coat proteins are located at the tips of the phage (see 
Fig. 1.1A) [2 ,6 ,7 ] . One extremity is formed by about a total of ten mol-
ecules of the gene-7 and gene-9 proteins (also called C-protems). At this end 
of the virus the mentioned intergemc region of the phage genome is found. 
At the other tip about five molecules of the gene-3 protein (also designated 
Α-protein) and about five molecules of the gene-6 protein (D-protem) are 
situated (see Fig. 1 1A) 
L i b Phage replication 
Bacteriophage M13 infects E. coll bacteria with F-type pili, which are hairlike 
structures at the outside of the E. coli cell. The gene-3 protein at one end of 
the phage, is involved in adsorption of the phage to the E. coli cell [8,9] 
(therefore it is also called the pilot protein or attachment protein). During 
infection the virus penetrates the host bacterium and, when passing the mem­
brane, the major coat protein is stripped off and deposited into the cell mem­
brane for later use [10]. After penetration the replication process is start­
ed. This process consists of three stages (see Fig. 1.1B): a) the conversion 
of viral DNA into a circular duplex form, called the replicative form ( R F ) , b) 
the RF multiplication and c) the single strand synthesis [ 1 1 ] . Below we will 
consider each stage separately. 
In the first stage of the replication process at least six E. coll encoded en­
zymes are needed [12] Before the actual start of the process the single-
stranded DNA is probably masked by the E. coli SSB protein as a result of 
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Figure 1.2. The intergenic region of the M13 genome with its proposed secon­
dary structure (hairpins A to E). The positions 5757 and 5782 are the start­
ing points for respectively complementary and viral strand synthesis, denoted 
by bold arrows. Single stranded sequences containing no secondary structure 
are represented by straight lines with indication of the number of nucleotides 
composing these sequences. 
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which the phage DNA is straightened and most hairpins are melted, except 
for the double helical region (hairpin C, see Fig. 1.2) which serves as a pro-
motor region for RNA polymerase [13]. The complementary strand synthesis 
is initiated by RNA polymerase; the molecule attaches specifically to the un­
masked region of the DNA and synthesizes a short complementary RNA chain. 
This RNA is utilized as a primer for DNA synthesis by DNA polymerase III 
and DNA copolymerase I I I . After replication of the complete DNA the primer 
RNA is removed by DNA polymerase I. DNA ligase closes the newly synthes­
ized strand to form a circular double stranded DNA molecule. Subsequently, 
DNA gyrase converts the double stranded DNA into a superhelical structure, 
the parental replicative form DNA ( R F - I ) . 
In the second stage of the replication process multiplication of the RF duplex 
takes place. It is generally assumed that this step occurs via the so-called 
"rolling circle" mechanism. In the process the gene-2 protein nicks the paren­
tal strand in the RF duplex at a unique site in the intergenic region (see 
caption of Fig. 1.2). Subsequently, replication takes place at the 3' nicked 
end, while the viral strand is displaced from the 5' end, then is closed and 
serves as a template for complementary strand synthesis. The duplex is 
closed by the gene-2 protein. The products of one round of plus-strand 
synthesis are a circular single strand and a double stranded circle [ 1 4 ] . In 
vitro studies have shown that the duplex replication process is markedly stim­
ulated by the addition of purified E. coll single strand binding protein [ 1 5 ] , 
from which the conclusion can be drawn that this protein is involved in both 
the enzymatic melting of the duplex DNA and in converting the unwound DNA 
into a suitable template for DNA polymerase I I I . 
At about 15 to 20 minutes after infection the transition from RF replication to 
single strand synthesis takes place [ 1 6 ] . At this point of time the RF pool 
has grown to 100 to 200 copies. In this last stage of the replication process 
viral strands are synthesized. The presence of the gene-5 protein is required 
in this process: it binds to the displaced viral strands produced in the "roll­
ing circle" process and thereby prevents complementary strand synthesis 
[17,18]. The transition is initiated after a sufficient amount of gene-5 pro­
tein has become available and the moment at which it starts is not determined 
by the size of the RF pool [19]. The necessary amount of gene-5 protein is 
с 
estimated to be about 1.2 χ 10 molecules per infected cell [ 1 8 ] . 
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Finally, the v i ra l DNA - gene-5 protein complex migrates into the cell mem-
brane. Upon passing the membrane the phage coat prote in, which has accu-
mulated in the membrane, replaces the gene-5 prote in. The gene-5 protein 
molecules are recycled into the cel l , where they can associate with new single 
stranded DNA molecules [20 ] . For a more extensive description of the sub-
ject of this section the reader is referred to three reviews [14,21,22]. 
1.1c Related bacteriophages 
The d i f ferent groups of filamentous bacteriophages can be classified on the 
basis of thei r specif ici ty for bacterial cells [23 ] . The Ff group, which is 
specific for E. coll cells car ry ing the F-type sex pi lus, includes amongst o th-
ers the bacteriophages f d , f 1 , and M13 [24 ] . On comparing the sequences of 
the phage DNA molecules, i t appears that M13 and f i are more closely related 
to each other than M13 and fd [25-27]. The homology between the M13 DNA 
and the f i DNA amounts to 99.2 X, while it is 97 % between the M13 DNA and 
the fd DNA. No differences in the sequence are found m that part of the in-
ter geme region in which the start ing points of complementary strand and viral 
strand synthesis are situated (see Fig. 1.2). The genome of bacteriophage fd 
is one nucleotide longer than the genomes of bacteriophage M13 and f 1. 
1.2 THE GENE-5 PROTEIN 
The gene-5 protein was f i r s t detected in crude extracts of E. coll cells in-
fected by M13 phages [28 ] . Later on the protein could be isolated from in-
fected E. coll cells using chromatography on single stranded DNA cellulose 
[17,29] . The protein consists of 87 ammo acids [30,31] , the gene-5 proteins 
encoded by the bacteriophages f 1 , fd and M13 have the same amino acid se-
quence [27,30,31] , which is as follows: 
Met-Ile-Lys-Val-Glu-Ile-Lys-Pro-Ser-Gln(lO)-
Ala-Gln-Phe-Thr-Thr-Arg-Ser-Gly-Val-Ser(20)-
Arg-Gln-Gly-Lys-Pro-Tyr-Ser-Leu-Asn-Glu(30)-
Gln-Leu-Cys-Tyr-Val-Asp-Leu-Gly-Asn-Glu(40)-
Tyr-Pro-Val-Leu-Val-Lys-Ile-Thr-Leu-Asp(50)-
16 
Glu-Gly-Gln-Pro-Ala-Tyr-Ala-Pro-Gly-Leu(60)-
Tyr-Thr-Val-His-Leu-Ser-Ser-Phe-Lys-Val(70)-
Gly-Gln-Phe-Gly-Ser-Leu-Met-Ile-Asp-Arg(80)-
Leu-Arg-Leu-Val-Pro-Ala-Lys(86) 
This sequence accounts for a molecular weight of 9688 g per mol. The isoe­
lectric point is at least 8.0 [17]. In solution the protein is present as a di­
me г [18,32-35], which is stable between 0 to 0.5 M KCl and pH 5.0 to 11.0 
[36]. From equilibrium sedimentation curves a dimer stability constant of 8.0 
χ 10 M can be calculated [35]. This means that, at an estimated concen­
tration of 10 M gene-5 protein in the E. coli cell [ 3 7 ] , about 92 % of the 
protein exists in the dimer form. 
In solution, the gene-5 protein shows a tendency to form aggregates. This 
tendency increases with the temperature. For example, protein solutions can­
not be kept for more than 15 minutes at about 35 С without denaturation 
[own observations]. Protein solutions are also sensitive to turbulences 
caused by shaking or stirring [33]. Protein aggregation leads to appreciable 
light scattering since the decrease of light transmission due to scatter is 
stronger at lower wavelengths. The ratio of the UV absorption at 280 nm to 
the absorption at 260 nm can be used as an indication of the degree of aggre­
gation. In practice the upper value of this ratio is 2.1 which is taken to be 
representative for native protein. In contrast, at values below 1.8 the gene-5 
protein has lost its affinity for DNA. 
Gene-5 protein crystals have been subjected to X-ray diffraction studies 
[38-41]. These investigations have led to a 2.3 Â resolution of the gene-5 
protein structure. The molecular dimensions of the dimer have been approxi-
mated to be 55 Â χ 45 A χ 36 A. In Fig. 1.3 the gene-5 protein structure, 
as obtained from these crystallographic studies, is visualized. The protein 
monomers are composed of a three-stranded ß-sheet (the three parallel white 
strands in Figs. 1.3B and 1.3C), which projects outwards from a common 
hydrophobic core (dark strands in Figs. 1.3B and 1.3C). The latter con-
nects the two dimer halves m a compact way symmetrically about a 2-fold 
axis. 
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Fig. 1.3. Three dimensional structure of gene-5 protein as obtained from crys-
tallographic studies [41]. In A a drawing of all поп-hydrogen atoms of the 
gene-5 protein dimer is given. A stylized drawing of the polypeptide backbone 
of the dimer (B) and one protein monomer (C) shows the three-stranded ¡S-loop 
structure, and the dimer-dimer interaction region, which is formed by the C-
terminal part. The numbers refer to amino acid residues; С and N refer to the 
С and N terminal end of the protein. Reproduced from Brayer and McPherson [41] 
by copyright permission of the authors and the Journal of Molecular Biology. 
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The conclusion that the gene-5 protein is needed for the conversion of double 
stranded RF synthesis to single stranded viral DNA formation [42] is consis-
tent with the observation of a decrease of the meltincj temperature of double 
stranded DNA in the presence of gene-5 protein. E.g. upon addition of 
gene-5 protein the melting temperature of several double stranded DNAs is 
lowered by about 40 0C [17,18,43,44], clearly indicating double helix destabi-
lization. Thus the gene-5 protein has a preference for binding to single 
stranded DNA. This was also demonstrated in experiments in which gene-5 
protein was added to a solution of poly(dA) .poly(dT) [45]. In these experi-
ments a quenching of the protein fluorescence, which denotes binding to the 
DNA, was only observed at sample temperatures above 20 0C where the 
double stranded DNA is melted. 
Apart from the double helix destabilizing properties the gene-5 protein also 
offers protection against digestion. Experiments, in which fd DNA was di-
gested by DNAse I [46] or exonuclease I and exonuclease III [18] showed 
that digestion was prevented in the presence of gene-5 protein. Thus, dur-
ing single stranded DNA replication the protein may protect the viral DNA 
against nucleolytic attack. Protection is not due to mactivation of the nu-
clease by the gene-5 protein. At higher salt concentrations, at which gene-5 
protein does not bind to DNA, DNAse I is still able to hydrolyse DNA in the 
presence of the gene-5 protein [own observations]. 
In addition to the gene-5 protein activities discussed above there exists ex-
perimental evidence that the gene-5 protein is involved in the translational 
repression of the M13 encoded gene-2 protein. Addition of gene-5 protein to 
an in vitro protein-synthesizing system inhibits the synthesis of gene-2 pro-
tein, whereas cells infected with a mutant carrying a mutation in gene-5 over-
produce gene-2 proteins, which results in a decontrolled phage DNA synthe-
sis. These in vitro and in vivo experiments of Model et. al. [47] are in 
agreement with in vivo experiments performed by Yen and Webster [48] , in 
which an overproduction of gene-2 protein is observed in the absence of 
functional gene-5 protein. The same translational repression is found for the 
gene-10 protein; gene-10 is a part of gene-2 and the translation from gene-10 
is m-phase with that of gene-2. The gene-10 protein probably plays a role in 
the viral strand synthesis [49]. 
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1.3 THE GENE-5 PROTEIN DNA COMPLEX 
1.3a Structural characteristics of the gene-5 protein - polynucleotide complex 
So far structural information regarding the gene-5 protein - viral DNA com-
plex has mainly been obtained from electron microscopy [17,20,50,51] and 
neutron scattering data [50,52]. From these studies and additional information 
of other studies, i.e. sedimentation equilibrium measurements of the complex 
by Cavalieri et al. [34] but also from viscosity measurements of the complex 
by Hollwitt and Krasna [44] and from an X-ray diffraction study of the 
gene-5 protein and its complex with oligonucleotides by McPherson et al. 
[39] , it has been suggested that each half of a protein dimer binds to a dif-
ferent DNA strand. As a result the two protein-covered strands form a fiber 
coil (see Fig. 1.4). However, a structure m which both dimer halves bind to 
the same DNA strand keeping the two strands together by dimer-dimer inter-
action cannot be excluded. The rod-like complex contains a small amount of 
branches (found for reconstituted complexes at low ionic strength) as shown 
in the electron microphotographs of Alberts et al. [17] and of Torbet et al. 
[50]. In Table 1.1 structural features of the gene-5 protein viral DNA com-
plex are given, as obtained from the literature. Some of the parameters are 
defined in Fig. 1.4 (left drawing), while the cross sectional dimensions, 
adapted from the detailed neutron scattering data of Gray et al. [52], are 
shown in the right hand drawing of Fig. 1.4. 
There is global agreement between the various results m Table 1.1 except for 
the results from the electron micrograph experiments of Pratt et al. [20] 
which are somewhat deviating, probably due to the use of an ethanol dehyd-
ration step, which could have altered the protein structure [51]. 
From a comparison of the contour dimensions of the gene-5 protein - viral DNA 
complex (Table 1.1) and the bacteriophage dimension (9850 Ä long and 60 Â 
wide) it can be conluded that there exists a close relationship in overall 
length between the phage and the gene-5 protein - viral DNA complex This in-
dicates that the gene-5 protein holds the DNA in a conformation in which it 
can easily be displaced by the coat protein during phage assembly. If we com-
pare the dimensions of the bacteriophage and of the gene-5 protein complex, 
20 
top view 
::s 
Fig. 1.4. Structure of the gene-5 protein complex helix, based on neutron 
scattering data of Gray et al. [52]. At the left a view perpendicular to the 
helical axis of the complex is shown. The parameters Í, d s and ρ (see also 
Table 1.1) characterize the dimensions of the helix. The stippled region pro­
jected on the outside of the cylinder represents the outer dimensions of the 
complex. On the right a presentation of the complex, viewed from the top, is 
given. The protein is situated between 11.8 and 44.9 Ä; this region overlaps 
partially the region 11.8 Д to 21.8 Д, in which the DNA is placed. The radii 
of gyration at infinite neutron scattering contrast are 33.45 Д for the pro­
tein and 17.6 Ä for the DNA. 
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Table 1 I. 
Structural features of the gene-5 protein - viral DNA complex 
The parameters e, d, s, p, Rp and RQ are given in Ä. 
M denotes the number of nucleotides per strand (M = 6409). 
Reference 
contour length 
contour diameter 
fiber strand 
thickness 
helical pitch 
protein radius 
DNA radius 
number of helical 
turns 
(t) 
(d) 
(s) 
(P) 
(Rp) 
(l»D> 
(Nt) 
number of nucleotides 
per turn 
nucleotide axial 
translation 
(V 
(t) 
^•~ — — 
[20] 
11000 
160 
40 
160 
~ 
— 
69* 
46 
3.4 
—"In vivo-
[50] 
8800i20 
lootio' 
<100* 
— 
91 
34 5+1 
S21 4 
96-98 
23 
2.7 
" Λ 
[51] 
8800 
95-105 
~ 
9111* 
90±30, 
lOOtlo' 
35 
— 
97±1 
33 
2.7 
—^_______ [17] 
7300 
100 
45-50 
65-70 
— 
— 
100-120 
ЗОіЗ* 
2.3 
~1n vitro* 
[50] 
9100±30 
lOOtlo' 
SlOO* 
— 
92 
34 5±1 
S21.4 
97-101 
32+1* 
2.8 
ν 
[52] 
9410±480 
84001350* 
89.8 
— 
33 5±0 4 
17 6±3 
~ 
~ 
2.9 
2 б' 
'· Number of nucleotides per turn for each strand Remember that there are two 
strands per turn, 2 Deuterated DNA, ' From electron microscopy, * From neu­
tron diffraction; s Obtained from i/Nt, ' Obtained from electron micro­
graphs. The large range of different values indicates a flexible helix, 7 
From measurements of selected straight regular segments in electron micro­
graphs, * Obtained from t/p, '· Obtained from M/(2N t), ^ Obtained from 2 
t/M. 
then we see that the outer diameter of the phage (60 Â] is about 2/3 of the 
complex diameter (see Table 1.1). This is a consequence of the smaller coat 
protein cylinder, which has an inner radius of 20 Â and an outer radius of 30 
Â [5,53,54] . The DNA is located within a central core with a radius of 12.5 
A. This means that in the phage the DNA has a volume which is about half 
that in the gene-5 protein - viral DNA complex (see Table 1.1 and Fig. 1.4). 
So the displacement of the gene-5 protein by the coat protein during phage 
22 
assembly involves a change in the outer contour dimension of the complex, 
while the overall length and axial translation hardly change. 
Values are reported for the nucleotide axial translations of the virus (2.8 Â 
[55]) and the gene-5 protein - viral DNA complex (Table 1.1) which are ap-
proximately equal for both and lie between the values for A type DNA (2.59 
A) and В type DNA (3.38 Â) [56]. The number of nucleotides per turn is 11 
for A-DNA, 10 for B-DNA and about three times higher for the gene-5 pro-
tein - DNA complex (see Table 1.1). Taking all this together, it means that 
also the helical pitch of the gene-5 protein complex must be about three times 
as large as the helical pitch of A-DNA (28 5 A) and B-DNA (33.8A) [56]. 
Combined with the large range of values observed for the helical pitch from 
electron micrographs (Table 1.1), this indicates that the gene-5 protein com-
plex must have a strongly open and solvated structure, in which however the 
DNA is sufficiently protected against nuclease digestion (see above). 
The value of the outer DNA radius of natural DNA is about 20 A [56]. The 
DNA is situated m the gene-5 protein - viral DNA complex in a shell with an 
outer radius of 21.8 Â, which is only slightly larger than the value of the 
outer DNA radius of natural DNA. 
1.3b Structural characteristics of the gene-5 protein - oligonucleotide complex 
By means of co-crystallization and diffusion [39,40,57,58] McPherson et al. 
tried to form complexes of gene-5 protein with oligonucleotides consisting of 
2, 3, 4, 6 or 8 residues. From the unit cell dimensions and a density, which 
is supposed to be equal to the density in the gene-5 protein crystals, the 
number of gene-5 protein dimers was found to be 6 per asymmetric unit. Be-
cause of the larger size of this asymmetric unit, the atomic cordmates could 
not be derived from the X-ray diffraction patterns. A model for the gene-5 
protein - oligonucleotide complex was proposed, consisting of a circle of six 
gene-5 protein dimers arranged side by side (disk model). The DNA binding 
groove is believed to be situated at the outiside of the circle [40]. The dif-
ference to the gene-5 protein - polynucleotide complex, which forms a helix 
(see above) is clear. A conversion from the disk to the helical structure at 
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longer nucleotide chains has been proposed, in analogy to the structural 
conversion occurring in Tobacco Mosaic Virus [40]. However, the DNA will 
then be situated at the outside of the helical complex, which is not supported 
by the experiments of Gray et al. [52] (see Table 1.1 and right hand of Fig. 
1.4). 
Electron density maps at a resolution of 5.0 Ä [40] or 2.8 Â [58] were ob-
tained for putative complexes prepared with the diffusion technique. The ma-
jor electron density appeared at the ends of the proposed DNA binding clefts 
(see Fig. 1.5), i.e. at residues 26-34. 
F ^ 1 5 Drawing of the gene-5 
protein dimer in which the supposed 
or ientat ions of the two DNA binding 
channels have been marked with 
black arrows [5 ] Reproduced from 
Brayer and McPherson [41] by copy-
r i gh t permission of the authors and 
the Journal of Molecular Biology 
1.3c The binding stoichiometry 
One of the binding parameters characterizing the complex formation between 
DNA and the gene-5 protein is the number (n) of nucleotides covered by one 
protein molecule. Most studies [17,29,33-35,37,43-45,59-64] reveal a binding 
stoichiometry of four nucleotides per protein monomer for the binding to poly-
nucleotides. 
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However, also deviations from this value have been reported. Some of these 
arise from the fact that at the time of the investigation insufficient 
information was available with respect to the mass and the composition of the 
protein. For example, in the sucrose-gradient sedimentation experiments, per­
formed by Oey and Knippers [18], the fraction of gene-5 protein bound to fd 
DNA was measured via tritium labeling of the protein and the optical density 
of the DNA. It was found in vitro that the total mass of bound gene-5 protein 
was 7 to 8 times higher than the total mass of DNA, resulting in an estimation 
of η = 4.5. Since then more precise values for the molecular masses (9688 g 
mol"1 for gene-5 protein [30], 2.12 χ IO 6 g mol"1 for fd DNA [26]) and the 
number of nucleotides per fd DNA (6408 [26]) became available. Recalculation 
of η with these new data gives values between 3.7 and 4.2, consistent with 
the other mentioned experiments. 
There is another reason why deviations of the general value η = 4 are report­
ed in the literature. As an illustration the proceeding of Pretonus et al. [33] 
is reported. An in vivo gene-5 protein - fd DNA complex was isolated and the 
complex was dissociated by increasing the pH to 12.6. Subsequently, the con­
centrations of DNA and gene-5 protein were determined from the UV absor-
bance, which produced an average value of η = 4.7. However, m this case 
the DNA was only partly saturated with protein as followed from a calculation 
of the degree of binding for the conditions mentioned on the basis of experi­
mentally obtained binding constants [ 3 7 ] . Therefore the actual value of η 
must have been lower than 4.7. More recent data [50,51,64] show no substan­
tial difference m binding stoichiometry between m vivo and in vitro complex­
es. 
Both sources just mentioned for a deviating value of the stoichiometry play a 
role in the study of Pratt et al. [20]. Not exact numbers have been taken for 
the amount of Leu residues per gene-5 protein monomer (compare [30,31]), 
the number of nucleotides per M13 DNA and the number of thymidines per 
M13 DNA (compare [ 3 ] ) , upon which numbers the calculation of η was based 
in this investigation. Moreover the in vivo complex was probably not com­
pletely saturated too, resulting in too high values of n. 
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Taking this all together the final conclusion must be that the normal polynu­
cleotide binding mode is characterized by a binding stoichiometry of four nu­
cleotides per protein monomer. This means that the value of η = 5, used by 
Brayer and McPherson [58,65,66] in their molecular modelling studies of the 
M13 DNA gene-5 protein complex, is too high. 
In contrast to the η-values exceeding 4, in certain cases a binding stoichiom­
etry of η = 3 has been found. This latter value was obtained m proton NMR 
studies of the binding of gene-5 protein to short stretches of deoxyadenylic 
acid (8, 12 and 16 residues in length) [67] and m a CD study of the binding 
to d(A)y [ 6 8 ] . A transition from the η = 3 binding mode for oligonucleotides 
to the η = 4 binding mode for polynucleotides, induced by variation of the 
nucleotide / protein ratio was observed at a nucleotide chain length of 25 to 
30 residues [ 6 9 ] . A recent study of the gene-5 protein polynucleotide bind­
ing, based upon circular dichroism measurements of the nucleic acid, showed 
that binding stoichiometnes of η = 3 can also be observed for polynucleotide 
complexes at very low ionic strength [ 7 0 ] . 
1.3d The binding cooperativity 
The occurrence of "humped" Scatchardplots [34,37] and sigmoidei binding 
isotherms [32,34,37,45] indicate that the gene-5 protein binding to polynu­
cleotides is (positive) cooperative, which means that relative to binding at an 
isolated site protein molecules bind stronger next to already bound molecules. 
Further evidence for cooperative binding is provided by cross linking experi­
ments [32,34]. Binding cooperativity can be quantified by the introduction of 
the so-called cooperativity parameter, ω, which is defined as the increase of 
the binding constant upon binding of a protein molecule adjacent to an 
already bound molecule compared to isolated site binding. Values of ω were 
obtained from fluorescence binding experiments (see also Chapter 2) [ 7 1 ] . 
They are estimated to be about 500 [35,37,61,72]. A strong cooperative ef­
fect, as observed for the polynucleotide binding, has not been found for the 
oligonucleotide binding. An estimate of ω = 5 has been reported from proton 
NMR titrations of gene-5 protein with oligodeoxyadenylic acids [67]. 
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1.3e Salt dependency of the binding 
During the isolation procedure of gene-5 protein from infected cells use is 
made of the binding property that addition of salt may dissociate gene-5 pro­
tein - DNA complexes. This means that at higher salt concentrations the 
binding strength is strongly decreased. Studies of the salt dependence of the 
binding constant have been limited so far. Binding constants for "isolated" 
binding to poly(dA), M13 DNA and poly(dT) were determined at about 0.2 M 
NaCI and appeared to be roughly 10 M , 10 M and > 10 M respectively 
[ 3 7 ] . The salt dependence of the complex formation with poly(dA) has been 
studied in more detail [37]. These results were found to conform to the 
theory of Record et al. [73,74] In a doubly logarithmic plot a linear relation­
ship has been observed between the binding constant and the ionic strength. 
From this plot it was concluded that in the binding process the protein loses 
one anion while three cations are released from the poly(dA) [37]. Binding 
of the protein to octa-deoxyadenylic acid is also salt dependent [ 6 7 ] , but not 
as pronounced as the binding to polynucleotides. The binding to oligonucleo­
tides thus differs not only from polynucleotide binding in binding stoichiom-
etry and cooperativity, but also in the salt dependence of the binding con­
stant. As a conclusion it is stated that electrostatic interactions form an 
important contribution to the stability of gene-5 protein - nucleotide complex­
es. 
1.3f Association kinetics 
Apart from equilibrium binding studies the complex formation of the gene-5 
protein with DNA has also been investigated by means of kinetic studies. 
These experiments have been performed for the formation of the gene-5 pro­
tein poly(dT), poly(rA) and d ( T ) 4 complexes [35] and for the gene-5 protein 
fd DNA complex [ 5 9 ] . The association rate constant for the isolated binding 
of gene-5 protein is reported to be 1.6 χ 10 M (fd DNA) s and 8.1 χ 
9 - 1 -1 
10 M (poly(dT)) s . These values are m the range expected for a 
diffusion-controlled association. It is stated that the rate of cooperative asso­
ciation cannot exceed this upper limit; therefore the association rates for iso­
lated site and cooperative binding must be equal. This means that the coop-
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erativity only plays a role in the kinetics of the dissociation process; ω is 
said to be dissociation-controlled [35,59]. 
To obtain complete saturation of the nucleic acid with protein it is assumed 
that during the binding process a redistribution of already bound protein 
molecules over the nucleotide lattice occurs. The question arises whether this 
redistribution takes place via dissociation and re-association or whether a 
shuffling of bound ligands on the nucleotide lattice is also possible. Two dif­
ferent experiments indicate that this latter mechanism is very likely. 
We first mention the results of the binding experiments between gene-5 pro­
tein and poly(dT), performed by Porschke and Rauh [35] The association to 
moderate degrees of saturation of the polynucleotide has been simulated by 
Monte Carlo calculations. In this way rate constants were estimated for the 
association and dissociation reactions of isolated and single contiguously bound 
protein molecules, with the assumption that ω is dissociation-controlled. It has 
been found that the dissociation of cooperatively bound ligands proceeds with 
a time constant of about 120 s. Without a facilitating mechanism, the complete 
saturation of the poly(dT) would be rate-limited by this time constant of 120 
s. However, in the mixing experiments of gene-5 protein with poly(dT) lead­
ing to complete saturation, the slowest time constant is only about 7 s. 
Therefore Pörschke and Rauh [35] conclude that a translocation mechanism, in 
which single contiguously bound protein molecules convert to isolated bound 
protein molecules, must facilitate the redistribution process. 
Secondly, the results of Shimamoto and Utiyama [59] also indicate the involve-
ment of a redistribution mechanism. This has been concluded as follows. At 
first the dissociation rate of a single contiguously bound gene-5 protein has 
been estimated from photo-cross linking experiments involving gene-5 protein 
- fd DNA complexes after addition of a large excess of short DNA fragments. 
Next, by multiplying this rate with the experimentally determined value for u, 
an estimation has been made of the rate constant for the dissociation of an 
isolated bound protein from the fd DNA complex (assuming that ω is 
dissociation-controlled). The rate constant thus obtained is 10 to 100 times 
larger than the measured value. In this case a fast rearrangement of isolated 
bound protein molecules along the nucleotide lattice to protein clusters can 
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account for the observation. Note that the direction of this rearrangement is 
opposite to, but does not exclude, the one proposed by Porschke and Rauh 
(see above). 
1.3g Protein residues involved in binding 
To obtain further insight in the DNA binding properties of the gene-5 pro­
tein, attempts have been made to investigate the DNA binding domain, i.e. 
experiments have been performed to determine the structure of this domain 
and to establish which ammo acid residues are involved in the protein - DNA 
interaction. 
As has been pointed out in a preceding section, electrostatic interactions play 
an important role in the complex formation. Therefore we pay special atten­
tion to the basic amino acid residues the six lysyl, the four arginyl and the 
single histidyl residue of a gene-5 protein monomer. These, as well as the 
N-termmus, are candidates for binding to the negatively charged phosphate 
backbone The side chain pK's of free lysine, arginine and histidme are 
10.5, 12.5 and 6 0 respectively. Therefore at physiological pH lysine and 
arginine will be positively charged and histidme will be neutral. With the 
help of proton NMR experiments it has been shown that the single histidyl 
group can only be protonated below pH 5.0, where the protein has lost its 
native structure [own observations]. This indicates that the histidyl residue 
is probably buried in the protein and will not be involved in intermolecular 
interactions. It also follows from these experiments that a denaturation oc­
curs above pH 10.8. Because the apparent pK's of the arginyl and lysyl resi­
dues in the protein are larger than 10.8, a selective deprotonation, to detect 
a role of these residues in the complex stabilization, is not possible. How­
ever, proton NMR studies of Alma et al. have indicated that, after addition of 
d(A)g or ^^^25-30' o n e о г ^ 0 'У5У' r e s | d u e s and two or three arginyl resi­
dues are immobilized [ 7 5 ] . The earlier results of Coleman et al. [62], are in 
agreement with the observations concerning the arginyl resonances, but are 
conflicting in relation to the line broadening of the lysyl resonances as ob­
served by Alma et al. [ 7 5 ] . However, these results [62] were obtained at a 
poor spectral resolution. In previous studies of Anderson et al. it has al-
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ready been shown that acetylation of the ε-ammo lysyl group with 
N-acetylimidazole prevents complex formation [61]. All the lysyl residues can 
become chemically modified in this way and can also become maleylated with 
maleic anhydride [ 7 0 ] . Therefore they are thought to be situated at the sur­
face of the molecule. Using a different approach. Gray et al. have dimethylat-
13 ed the six lysyl amino groups, introducing in this way С atoms [68]. Then 
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a weaker binding to fd DNA is observed. From С NMR spectra the conclu­
sion was drawn that two lysyl residues are exposed to the solvent. At least 
two, but not more than four lysyl residues may be involved in the binding to 
d(A)y, in agreement with Alma's results [ 7 5 ] . 
The changes observed in the 228 nm CD band of the gene-5 protein [29,33, 
61,68], in the protein UV absorbance [ 2 9 ] , in the protein fluorescence 
[references see above] and m the aromatic region of the proton NMR 
spectrum of the protein (see below) upon addition of viral DNA, all indicate a 
stacking interaction between some of the protein tyrosyl residues and the 
nucleotide bases. Alma et al. have located the resonances of the five tyrosyl 
and three phenylalanyl residues in the aromatic region of the proton NMR 
spectrum [ 7 6 ] . Upfield proton NMR shifts [60,62,67,76-79] and one dimen­
sional nuclear Overhauser effects [69,76] indicate that two tyrosyl residues 
and one phenylalanyl residue are probably involved in the binding. In expen-
19 ments of Anderson et al. three out of the five resonances in the F NMR 
spectrum of m-fluorotyrosyl labeled gene-5 protein are found at a position 
which is expected for free m-fluorotyrosyl, whereas the two other resonances 
are shifted downfield. This indicates that three tyrosyl residues are situated 
at the protein surface and two are buried in the protein inner structure [ 6 1 ] . 
From peptide mapping it has been concluded that the three tyrosyl residues 
at the surface are situated at the positions 26, 41 and 56 in the gene-5 pro­
tein primary structure [ 6 1 ] . Coleman et al. have shown that upon addition of 
19 tetranucleotides or octanucleotides the two downfield F resonances do not 
undergo a detectable shift, while at least two of the tyrosyl residues at the 
surface show a small upfield shift [62,77]. Furthermore, the three tyrosyl 
residues at the surface can become acetylated with N-acetylimidazole which 
prevents complex formation, or can become nitrated by tetranitromethane 
thereby strongly weakening the binding affinity [ 6 1 ] . On the other hand the 
protein is protected against nitration after binding to fd DNA. Evidence for 
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the existence of three surface tyrosyl residues has also been obtained from 
photo-CIDNP experiments [80,81]. In complexes with the tetranucleotide 
d(pCGCG) the hydroxy! group of these tyrosines is no longer accessible to 
the excited flavine dye, due to shielding and (or) hydrogen bonding [81], 
and their photo-CIDNP signal disappears. All the experimental results de-
scribed above, indicate a stacking interaction between the nucleic acid bases 
and two tyrosyl residues and one phenylalanyl residue. 
By irradiation of the in vitro complex [82] or the in vivo complex [64] the 
protein can become covalently linked to fd DNA. This cross-linking to DNA 
via the sulfhydryl group of cysteine provides evidence for the positioning of 
this residue in the protein - DNA interaction domain. The cysteine in the free 
protein can be alkylated [64,82] and me re u rated [61], but does not react with 
the bulky Ellman's reagent [61]. This supports the idea that although the 
cysteine is situated at the protein outer surface it is not completely exposed 
to the solvent. Consistent with these experiments are the results from X-ray 
analysis of gene-5 protein crystals. From these the conclusion was drawn that 
the cysteine residue is buried in the hydrofobic core beneath the central 
three-stranded ß-sheet, and is centered in the proposed DNA binding cleft 
[41]. 
Finally, it is interesting to ask to what extent the gene-5 protein structure 
may change upon binding. Several features, characteristic for a folded pro-
tein structure observed in the proton NMR spectrum of the protein are also 
present in proton NMR spectra of gene-5 protein - nucleic acid complexes 
[37]. This holds for the resonance position of the lowfield shifted α protons 
and for the overlap of methyl resonances at about 0.5 ppm. The small, but 
important changes observed in the protein NMR spectrum upon complexation 
are assigned to residues which are situated in or near the DNA binding do­
main. Therefore we think that, except for structural changes in this DNA 
binding domain, only minor conformational changes take place and that the 
overall secondary structure of the protein is conserved upon binding. 
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1.4 OUTLINE OF THIS THESIS 
In the preceding paragraphs a review of the l i terature concerning the inter-
action of gene-5 protein with nucleic acids was g iven, which can serve as an 
introduction of the investigations presented m this thesis. F i rs t , a br ief out-
line of the studies described in het following chapters will be given. 
I t is not known so far whether any nucleotide or sugar specificity plays a 
role in the binding of the gene-5 protein to nucleic acids. Once this problem 
has been resolved it may become possible to formulate general rules concern-
ing the specif icity of the binding of single stranded DNA binding proteins 
after comparison of the properties of several of these proteins For example, 
i t is necessary to know the binding af f in i ty of the gene-5 protein to poly(dA) 
and poly(dU) to give an answer to the problem whether the dif ferent binding 
aff init ies of the gene-5 protein and the T4 encoded gene-32 protein to A and 
U stretches form an explanation for the results obtained from the experiments 
of Fulford and Model [83 ] , from which it can be concluded that the proteins 
cannot replace each other in their translational repressor funct ions, see also 
section 1.2. Furthermore, i t is sti l l not clear whether there exists a d i f fer -
ence m the salt dependency of the binding of gene-5 protein to d i f ferent 
nucleic acids. Af ter determination of the binding affinit ies of the gene-5 pro-
tein to various polynucleotides possible implications for an understanding of 
its role in v ivo can be discussed. The subjects mentioned above are treated 
in Chapter 3. 
On comparison of the binding of gene-5 protein to polynucleotides and oligo-
nucleotides the question was put forward whether the difference in binding 
stoichiometry found for these two types of nucleic acid would indeed arise 
from the difference in chain length or would be a result of the dif ferent ex-
perimental techniques used and therefore of a d ispar i ty in protein concentra-
tion [84 ] . In other words, a protein concentration dependency of the binding 
properties was suggested. The answer will be given in Chapter 4. 
The propert ies of the gene-5 protein - oligonucleotide binding mode, like 
binding cooperat iv i ty, binding strength and salt dependency of the binding 
are studied m the Chapters 4 and 6. Also a comparison of these properties to 
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those characteristic for the binding of gene-5 protein to polynucleotides is 
made. The various results discussed in these chapters are consistent with the 
already mentioned low value of the cooperativity parameter for the binding of 
gene-5 protein to oligonucleotides. The difference in binding to oligo- and 
polynucleotides is also reflected in a different mechanism for the dissociation 
reaction of the complexes (confer Chapters 5 and 6 ) . The dual binding mode 
of the gene-5 protein - polynucleotide complex at low salt concentration is one 
of the items of Chapter 6 as well. Here also experimental evidence is pre-
sented for the assumption that in the oligonucleotide binding mode the two 
dimer halves of the gene-5 protein are bound to the same strand. 
Finally, the NMR experiments in Chapter 7 are carried out to detect a possi-
ble change in the DNA conformation upon complex formation. 
Before we turn to the experimental results (Chapters 3 and following Chap-
ters) some underlying theoretical considerations will be presented in Chapter 
2. 
- Chapter 1 - 33 
34 
CHAPTER 2 
THEORETICAL ASPECTS 
2.1 BINDING THEORIES 
Several theories are in current use to describe the binding of a ligand to a 
one-dimensional lattice [71,85-89]. Most of these theories were developed for 
a special application and their suitability depends on the length of the lattice 
(polymer or oligomer), on the number of binding modes (a distinct binding 
mode is characterized by a definite structure of the ligand-lattice complex), 
on the number of ligand binding contacts (single or multiple contact binding) 
and on the condition of sequence specific or non-specific ligand binding. In 
the next sections we will only describe theories which deal with sequence 
non-specific binding and with multiple contact binding, i.e. one ligand may 
cover a site consisting of more than one single lattice residue and thereby 
exclude a number of potential binding sites from binding. To describe the 
nucleic acid binding properties of the gene-5 protein it is sufficient to treat 
three theories: single mode binding to polymers (section 2.1a), single mode 
binding to oligomers (section 2.1b) and multiple mode binding to polymers 
(section 2.1c). The following notations and assumptions will be used: 
- The lattice consists of a linear strand of M residues. 
~ [Pf] I S the concentration of ligand free in solution. 
- The ligand can bind in m different binding modes, each labeled with an 
index ι. 
- A bound ligand covers exactly η consecutive lattice residues; the parameter 
η is called the binding stoichiometry. 
- Binding of a ligand to an isolated site takes place with an association con­
stant К . , called the intrinsic binding constant of mode ι. 
- Interactions between bound ligands only occurs between nearest neigbours. 
Binding of a ligand in mode ι next to an already bound ligand in mode ι' (Γ 
may be ι) is a factor, u · (the cooperativity factor), stronger than binding 
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to an isolated site. For non-interacting ligands ω . = 1. For positive 
cooperativity ω · is greater than 1 and for negative cooperativity ω · lies 
between 0 and 1. 
- The binding density, ν , is the ratio of the number of ligands bound in 
mode ι to the total number of lattice residues. The degree of binding, or 
degree of saturation, о , equals η ν and lies between 0 and 1 
In each of the theories described below mathematical expressions are present­
ed, which make it possible to calculate the binding density as a function of 
[PA. Via simulation procedures of the experimental results with these calcu­
lations values for the binding constants and stoichiometries can be obtained. 
For a detailed description of the various binding theories we refer to the 
original papers, mentioned in the next sections In this chapter only ab­
stracts will be given, sufficient for the use and understanding of the final 
equations. 
2.1a Single mode binding to polymers 
The theory of multiple contact binding of a ligand, which binds m only one 
mode to a linear polymer, has been developed by McGhee and Von Hippel [71] 
and by Schwarz [ 8 6 ] . We will follow the description of the first authors, 
which leads to closed analytical expressions for the binding curves. In the 
description of the binding of ligands covering more than one lattice residue it 
must be reckoned that the number of binding sites is not only dependent on 
the degree of saturation, but also on the distribution of the complexed li­
gands. On a partial saturated lattice the number of still available binding 
sites is determined by the number of gaps and their size. A gap of g lattice 
residues contains g-n+l binding sites as long as g > η; for g < η the number 
of binding sites is zero. To be able to count the number of available binding 
sites, the probability Ρ is introduced, which is the probability of finding a 
gap of exactly g free lattice residues in a row. A convenient approach to the 
determination of Ρ makes use of the so-called conditional probabilities. 
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The conditional probability ( r - · ^ ) is the probability of finding a (polymer) 
residue in state r j while the residue on the left is in state r,. The following 
expressions for the conditional probabilities can be derived: 
(b b.) = the conditional probability that the right end of a bound 
ligand is adjacent to the left end of another bound ligand 
= (1 - (n - 2ω • 1)v - R) / (2v(u) - 1)) (2.1) 
and 
( f f ) = the conditional probability that a free residue will be at 
the left side adjacent of a free residue 
= ( ( 2 U - 1)(1 - a) • ν - R) / (2(ω - 1)(1 - a)) (2.2) 
and analogously (b f) = 1 - (b b . ) , ( f b , ) = 1 - ( f f ) , in which 
R = {(1 - v(n • I ) ) 2 • 4uiv(1 - a ) } 1 7 2 (2.3) 
The average number of ligand binding sites per gap equals 
s = £ g (g-n*1) P g (g = n, n*1, .. M) (2.4) 
in which 
P g = ( b ^ H f f ) 9 " 1 « ! » , ) (2.5) 
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There are three types of binding sites: isolated, single contiguous and double 
contiguous, which means that upon binding of a ligand to these sites 0, 1, 
respectively 2 ligand-ligand contacts will be formed. To derive an over-all 
binding equation we have to consider three binding equilibria, i.e. equilibria 
for binding of a ligand to each of the three different binding sites. The 
equations of the binding constants are: 
K ) n t = [average number of isolated bound ligand per lattice] / 
[Pf][average number of free isolated sites per lattice] (2.6) 
Κ ¿ω = [average number of single contiguous bound ligand per lattice] / 
[P,][average number of free single contiguous sites per lattice] 
(2.7) 
and 
К
 t(i) = [average number of double contiguous bound ligand per lattice] / 
[Pf] [average number of free double contiguous sites per lattice] 
(2.8) 
If В is the average number of ligands bound to a lattice, then the number of 
gaps (> 0) equals B + l and the average number of each of the three types of 
sites per lattice (as appears m the denominators of Eqs. 2.6-2.8) is given by 
the product of (B + l ) and the average number of ligand binding sites of the 
given type, which can be derived by using the probability Ρ , given in Eq. 
2.5. Rearranging the Eqs. 2.6-2.8 and summing for the number of bound l i­
gand per lattice (which equals B) one gets the over-all binding equation for 
infinitely long lattices [71]: 
38 
v / [ P f ] = K l n t ( 1 - α) . {((2ω - 1)(1 - α) • υ - R) / ( 2 ( W - 1)(1 - α ) ) ) " " 1 
. { ( 1 - (n+1)v • R) / (2(1 - α ) ) } 2 (2.9) 
which equals the final equation given by McGhee and Von Hippel, apart from 
a sign error. The degree of saturation α (which equals nv) of a polymer is 
only a function of ω, η and the product К.„ДР/Ь a s c a n be concluded from 
an inspection of Eq. 2.9. Note that it is independent of the total polymer or 
total ligand concentration. It is illustrative to consider the influence of the 
magnitude of the cooperativity factor on the shape of binding isotherms. In 
Fig. 2.1 binding isotherms are shown for a ligand binding with a stoichiom-
etry of η = 4 to a polymer of infinite length as a function of the cooperativity 
factor. First we consider the curves at low degrees of saturation. At a par­
ticular value of [РЛ and of Κ *ω[Ρί] stronger binding is observed for lower 
values of ω, since plotting of the data in this manner means that for larger 
values of u, K . becomes smaller. At low degrees of saturation ligands will 
only be bound isolated (with a binding constant per bound ligand of К .) 
and therefore stronger binding will be observed. Next we consider the point 
at half saturation (see Fig. 2.1). It follows from Eq. 2.9 that at this point 
for high values of ω relative to n, the reciprocal value of the free ligand con­
centration equals the product Κ .u: 
[ P f ] " 1 = K , n t u ( • * u > > "1 ( 2 · 1 0 ) 
One can use this relation to estimate the value of the effective binding con­
stant ( Κ . ω ) from binding isotherms. Finally steep curves, resembling all or 
none binding, are obtained at very high values of the cooperativity parameter 
(see Fig. 2 . 1 ) . The conversion from free to totally saturated polymer is ob­
tained for only a small increase in the total (and therefore m the free) ligand 
concentration above a minimum threshold value, which depends on the magni-
tude of K i n t . 
It can be shown that the effect of higher values of the binding stoichiometry 
on the degree of saturation is similar to the effect of lowering the cooperativ-
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Fig 2 1 Influence of the cooperat iv i ty parameter on l igand - polymer b ind-
ing The l igand covers four l a t t i c e residues (n = 4) and the polymer has an 
i n f i n i t e length The degree of saturation of the polymer, a, is given as a 
funct ion of the product of К
 t o)[P f ] for d i f f e r e n t values of the cooperat iv i ty 
constant and is obtained by using Eq 2 9 ω is taken 1, 2, 20, 200 and 2000 
for the curves in the order of increasing steepness 
ity factor [ 9 0 ] . This can be understood as follows: many lattice residues are 
excluded from binding due to binding site overlap if η is large 
For finding the concentrations at equilibrium of each of the three types of 
bound ligand, i.e ligand bound isolated, single contiguously or double con­
tiguously the next procedure can be followed. At first a relation for the con­
centration at equilibrium of clusters of q consecutive bound ligands, [CL ] , 
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is given. [CL ] equals the total concentration of lattice residues, [Ν+οΛ' 
times the joint probability for a stretch of q consecutive bound ligands: 
[ C L q ] = [ N t o t ] ( f ) ( f b l ) ( b n b 1 ) < ' - 1 ( b n f ) = [ P b ] (1 - p ) 2 р Ч ' 1 (2.11) 
Ρ = ( Ь ^ ) 
where {f} = 1 - о is the probability for a free residue while the conditional 
probabilities in Eq 2.11 are given in Eqs. 2.1-2.3. [ P L J IS the concentration 
of bound ligands. The concentration at equilibrium of each of the three types 
of bound ligand can now be given, using Eq. 2.11. For the concentration of 
isolated bound ligands it follows that 
[P,] = [ С Ц ] = [ P b ] (1 - p ) 2 (2.12) 
Every cluster of two or more ligands possesses a single contiguously bound 
ligand at both ends. Therefore at equilibrium the concentration of single con­
tiguously bound ligands is 
[ P s ] = 2 Σ [ C L q ] = 2 [ P b ] (1 - ρ ) 2 Σ ρ 4 ' 1 = 2 [ P b ] (ρ - ρ 2 ) (2.13) 
q=2 q=2 
(0 S ρ < 1) 
Finally, the concentration of double contiguously bound ligands at equlibnum 
amounts 
lPd] = [ρ 6 ] - [ρ,] - [p s ] = [ρ 0 ]ρ 2 ( 2 · 1 4 > 
Eqs. 2.11-2.14 have been used to construct Fig. 2.2, in which the probability 
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Fig. 2.2. D i s t r i b u t i o n of ligands bound to an i n f i n i t e l y long polymer in the 
Isolated (χ = i ) , single contiguous (χ = s) or double contiguous (χ = d) fash­
i o n , as a function of the degree of saturat ion, o, of the polymer. [P ] is the 
concentration of l igand bound in each of the d i f f e r e n t modes and [ P b ] is the 
t o t a l concentration of bound l igand. Curves are given f o r binding of a l igand 
wi th η = 4 and wi th ω = 500 (A) or ω = 1 (В). 
that a bound ligand is bound isolated, single contiguously or double contigu­
ously is shown for two cases. First (Fig. 2.2A) binding parameters are used 
which are thought to be representative for the gene-5 protein polynucleotide 
binding: η = 4 and ω = 500, in which case the expression for ρ = (Ь Ь,) is 
given in Eq. 2 . 1 . Secondly, the distribution is calculated for non-cooperative 
binding, in which ρ = v/(1 - (n-1)v) [ 7 1 ] , ω = 1 and η is taken 4 (Fig. 
2.2B). For non-interacting ligands the probability [P.] / [Pu], i.e. the 
probability that a bound ligand is bound isolated (note that this is not equal 
to the probability that a ligand is bound isolated) roughly equals (1 - a ) , the 
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fraction of the lattice residues which are not covered with hgand. There is a 
maximum at 80 % saturation for the probability that a bound ligand is bound 
single contiguously. The number of double contiguously bound ligands in­
creases at higher degrees of binding. In the cooperative case (Fig. 2.2A) 
the distribution of bound ligands in the three different forms is not only 
ruled by entropy but also by the counteracting ligand-ligand cooperativity. 
At saturation of the lattice of 5 % or more the percentage of bound ligands 
which are bound isolated is always lower than 10 %. Because of the coopera-
tivity binding is favoured for ligands at sites contiguously to ligands already 
bound relative to binding to isolated sites. The probability that a bound li­
gand is bound single contiguously again shows a maximum (Fig 2.2A), but at 
much lower degrees of binding than for the non-cooperative binding (Fig. 
2.2B). 
Fig. 2.3 shows the distribution of protein clusters of different length for two 
examples of cooperative binding. The curves indicate the percentage of bound 
ligand at equilibrium m clusters up to the length N (for which we take as 
examples N = 1, 2, 5, 10, 15, 20, 30, 40, 100, 200 or infinite) as a function 
of the degree of saturation of the polymer. Curves are given for η = 4 and u 
= 500 (left) and η = 7 and u = 5000 ( r i g h t ) , which values are representative 
for the binding to polynucleotides of respectively gene-5 protein [this thesis] 
and gene-32 protein [ 9 1 ] . The indicated percentage can be derived from Eq. 
2.11 and equals 
percentage of bound ligand in clusters of N ligands or in smaller clusters 
=
 ( I q = l . . N q - C L q / * q = 1 . . - 4-CL q ) . 100 X 
= (1 - Ρ ) 2 Σ
ς = 1 N q . p q " 1 . 1 0 0 % (2.15) 
The average cluster length increases for higher degrees of saturation. From 
Fig. 2.3 (left) it can be estimated for example that at half saturation of a 
polynucleotide with gene-5 protein one half of the clusters would only contain 
less than 17 ligands, or 90 % of the clusters is smaller than about 40 ligands 
at this degree of saturation. For the stronger cooperative complexation of 
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Fig 2 3 D i s t r i b u t i o n of l igand clusters bound to an i n f i n i t e l y long poly­
mer The percentage of bound ligand bound in c lusters of N ligands or in 
smaller c lusters as a funct ion of the degree of saturat ion (see Eq 2 15) is 
given The numbers N are indicated along the various curves ( 1 , 2, 5, e tcet­
era) Curves are given for η = 4 and ω = 500 ( l e f t ) and η = 7 and ω = 5000 
( r i g h t ) 
gene-32 protein these values are more than two times larger (Fig. 2.3 right). 
We remark that electron microscopic determination of the cluster length distri­
bution, as given m Fig. 2.3, can provide an estimation of the cooperativity 
factor. 
2.1b Single mode binding to oligomers 
When a lattice can no longer be considered infinitely long, the theory of 
McGhee and Von Hippel (see above) cannot be applied. For this case one can 
have recourse to a theory developed by Epstein for the binding of ligands to 
a finite one-dimensional lattice [87]. This theory leads to the following rela­
tion between the free protein concentration, [PA, and the binding density v: 
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ν = ( l / M ) £ q Z) q o(M,n,q,j) ( K | n t [ P f ] ) q J / I q I J o(M, n , q / j ) ( K m t [ P f ] ) 4 ( 1 J ) 
(q = 0 , 1 , .. g, j = 0 , 1 , .. (q-1)) (2.16) 
m which the maximum number of ligands which may bind to the lattice is de­
noted by g, the highest integer less than or equal to the ratio M/n. The con­
figuration entropy factor 
/M-nq*l\ / q - 1 \ 
o(M.n.q.,) = ( q-j Π J (2.17) 
gives the number of ways q ligands can bind to a lattice of M residues, each 
occupying η consecutive lattice residues and forming j ligand-ligand contacts. 
It follows from Eq. 2.17 that the binding density is only a function of the 
lattice length M, the stoichiometry n, the cooperativity factor u and the prod­
uct К . [ Р Л . Note that it is independent of the total oligomer concentration 
or total ligand concentration. 
In Fig. 2.4 the influence of binding cooperativity and lattice length on the 
degree of saturation α are shown, calculated using Eq. 2.17. In the lower 
part of Fig. 2.4 binding isotherms are given for the binding of a ligand to an 
octadecamer with a stoichiometry of η = 3. As for binding isotherms for the 
binding to polymers (see Fig. 2.1) steeper curves are obtained at higher val­
ues of u. However the absence of any common intersection point for the vari­
ous curves precludes the derivation of a binding constant from the free li­
gand concentration as could be done for binding to polymers at half 
saturation (see Eq. 2 . 9 ) . In the upper part of Fig. 2.4 binding isotherms are 
given for the non-cooperative binding of a ligand with a stoichiometry of η = 
3, to lattices of increasing length. At low degrees of binding stronger 
binding is observed for longer lattice lengths, because of the increased num­
ber of potential binding sites. At high degrees of binding however longer lat­
tices will be less saturated because there is an increase m the number of 
residues which are excluded from binding due to the existence of small 
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Fig 2 4 Binding isotherms for the binding of a l igand to an oligomer with η 
= 3 The curves are obtained using Eq 2 16 The degree of saturation is given 
as a function of the product К
 t io[Pr] In the upper part of the f igure the 
influence of the l a t t i c e length on the degree of saturat ion f o r non-
cooperative binding is indicated For log(K
 t u i [ P f ] ) < 0 steeper curves are 
obtained in the order M = « (polymer), 18, 12, б and 3 In the lower part of 
the f igure the inf luence of the cooperat iv i ty parameter is shown for binding 
to an octadecamer (M = 18) Steeper curves are obtained f o r ω increasing in 
the range 1, 2, 20, 200 respectively 2000 
stretches of empty lattice residues, which are smaller than n. The existence 
of these empty lattice residues is favoured by the increase in entropy. The 
strongest binding will now be observed to a lattice for which these stretches 
cannot exist, i.e. for binding to a lattice for which M equals n. This is dem­
onstrated in Fig. 2.4. 
2.1c Multiple mode binding to polymers 
The multiple mode binding of ligands to polymers is described by Schwartz 
and Stankowski [ 8 9 ] . Distinct binding modes are characterized by an inequi­
valence of one or more of the following properties: the number of lattice resi­
dues covered per ligand, the intrinsic binding constant and the cooperativity 
of the binding process. As in the derivation of McGhee and Von Hippel (see 
before), binding equations are expressed m terms of the equilibrium con­
stants, the free ligand concentration and conditional probabilities. The con­
ditional probability of finding a bound ligand in mode ι next to the right of a 
free residue is denoted by ( f b , ) At m binding modes a set of m linear 
equations for the parameters (fb, ) is obtained: 
U | , { ( 1 / ( f f ) ) n ' / K | n t f i [ P f # | ] ) ( f b b l ) = 1 * 1 , . (ω, ,· - 1) ( f b 1 ( l ) 
( ι , ι ' = 1,2, .. m) (2.18) 
By means of Cramer's rule it follows that 
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(fb1 ,) = Dey (ff) ] / Det[ (ff) ] (2 19) 
where the Det-terms stand for the appropriate determinants. Because (ff) 
equals 1 - I ( f b , ) for ι = 1 to m, it follows that 
m 
(1 - [ 1 / ( f f ) ] Det [ ( f f ) ] + [ 1/(ff) ] Σ Det, [ (ff) ] = 0 (2.20) 
ι=1 
Only the smallest root for ( f f ) satisfies the condition 0 < [ ( f f ) , ( f b ^ ] < 1 
Once this root has been found, the parameters (fb ) can be solved from Eq 
2.19. Consider the cooperativity parameter to be independent of the relative 
sequence of the two cooperatively bound ligands: ω · = ω . . Finally the 
expression for the binding density in mode ι, ν , is obtained: 
v, = ( f b , ,) Σ [1 • (ω, , - 1) (fb, ,)] (2.21) 
ι=1 
The calculation of the binding density as a function of the binding stoichiome-
tries, the binding constants, the cooperativity parameters and the free ligand 
concentration(s) is somewhat more complicated as m the case of single mode 
binding (Eq. 2 . 9 ) . Now each time a higher order equation has to be solved 
to find the right root for ( f f ) . 
There exists a correspondence between the effects of a higher positive coop­
erativity, which causes an increase in binding strength, and a smaller 
binding stoichiometry, which enhances the amount of bound protein because of 
a decrease in the number of unavailable overlapping binding sites This has 
been demonstrated for single mode binding [ 9 0 ] . Furthermore, simulations of 
binding curves for mutually non-cooperative binding modes show that at suffi-
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cient high products of the free ligand concentration and the intrinsic binding 
constant, binding always takes place in the mode with the smallest number of 
contacts per ligand, irrespective of the value of the cooperativity parameters. 
An example of this phenomenon forms the dual mode binding of gene-5 protein 
to polynucleotides at low ionic strength in Chapter 6, which is simulated by 
using Eqs. 2.18-2.21. 
2.2 KINETIC THEORIES 
The gene-5 protein plays its role at continuously changing conditions in the 
cell. For a proper understanding of its function also knowledge of the kinetic 
properties is needed. The various rate constants for binding of a ligand that 
binds cooperatively to a linear lattice are shown m Fig 2.5. This figure rep­
resents the binding of a ligand Ρ to a lattice S, which results m an isolated 
( ι ) , single contiguously (s) or double contiguously (d) bound ligand. A re­
arrangement from an isolated bound ligand to a single contiguously bound li­
gand and vice versa may take place (not indicated in Fig. 2 . 5 ) . The cooper­
ativity parameter и is assumed to consist of an association (a) and a 
dissociation (d) part: 
и
 =
 u .ω . (2.22) 
From the definitions stated in Fig. 2.5 and Eqs. 2.6 - 2.8 It follows that 
k d = k s / u d = k . / u d 2 ' k d · = k s - u a = k , - u a 2 ( 2 · 2 3 > 
If ω . equals unity, the cooperativity of ligand binding originates from the 
association process and the recognition of newly bound ligands must play an 
important role. However, if u equals unity, the cooperativity is associated 
with the ligand dissociation and a conformational change after initial binding, 
increasing the ligand-hgand interaction, might have taken place. Experimental 
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Fig 2 5 Reaction scheme in which the association and dissociat ion of a l i -
gand Ρ is given, which can bind in three d i f f e r e n t ways to the polymer S, ι e 
to an isolated ( i ) , a single contiguous (s) or a double contiguous (d) s i t e 
Pr denotes the free protein Association reaction constants are labeled wi th 
an accent 
results of the gene-5 protein and the gene-32 protein (encoded by bacterio­
phage T4) kinetics [35,59,92] show that binding of ligands to an isolated site 
takes place at an association rate which is expected for a diffusion-controlled 
reaction. Cooperative binding of ligands can never exceed this upper limit. 
For this reason cooperativity must be linked to the dissociation in these cases 
and from now on we take ω. = 1 and ω = Wj 
Furthermore, any rearrangement like translocation without dissociation (slid­
ing), translocation with dissociation (hopping), direct transfer [ 9 2 ] , etcetera, 
can facilitate an efficient and fast distribution of the ligand. 
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A study of the association kinetics has the disadvantage of the great 
complexity of both the association, dissociation and redistributing processes. 
However, valuable experimental and theoretical results have been obtained 
[35,59,92,93]. We will limit ourselves to a description of the irreversible dis­
sociation kinetics for which sound theoretical models have been worked out. 
In the case of protein nucleic acid reactions the validity of these models can 
be checked by instantly increasing the ionic strength of a protein nucleic acid 
sample at equilibrium to such an extent that association is strongly weakened 
and can be neglected. 
2.2a The non-redistributmg model 
In the non-redistributing model irreversible dissociation of ligands takes place 
from an infinite lattice. During the dissociation process no rearrangement of 
the bound ligands is allowed. This model was first introduced by Lohman 
[94]. It is assumed that for strong cooperative binding the dissociation of 
double contiguously bound ligands can be neglected in comparison to the dis­
sociation of single contiguously and isolated bound ligands and even that dis­
sociation only takes place from the ends of a cluster ('peeling'). For lower 
values of the binding cooperativity, dissociation of proteins bound in between 
two other proteins becomes important as well and this situation has been 
treated by Balazs and Epstein [95]. Hence we consider the Lohman model 
because high cooperativity is often observed in protein - polynucleotide reac­
tions. This makes the solution of the rate equations much simpler. We seek 
for a general equation to which experimental data can be fitted. First we de­
note the concentration of clusters consisting of q consecutively bound ligands 
by [CL ] . The time dependent change of the concentration of bound ligands, 
[P[jL· I s given by 
(d/dt) [ P b ] = - ^ [ С Ц ] - 4 k s [CL 2 ] - 2 k s Σ [ C L q ] (2.24) 
q=3 
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A cluster of more than one ligand has two ends from which dissociation can 
take place, which gives rise to the factor of two in the third right hand term 
of Eq. 2.24. A cluster of two ligands is supposed to dissociate as a whole, 
thereby extra doubling the dissociation rate (second right hand term). By 
combination of Eq. 2.24 and the Eqs. 2.12 - 2.14 it can be shown that at an 
initial incomplete saturation integration leads to a sum of two exponentials for 
the time dependence of the concentration of bound ligand: 
[ P b ( t ) ] / [ P b ( 0 ) ] = (1 - p ( 0 ) ) 2 e ' V * p ( 0 ) ( 2 - p ( 0 ) ) e " 2 ( 1 " Р ( 0 ) ) к 5 * 
(2.25) 
The first term originates from the dissociation of isolated bound ligands, 
which is fast compared to the dissociation from cluster-ends in the second 
term. However, at moderate degrees of saturation and high values of ω the 
influence of the dissociation of isolated bound ligand can be neglected because 
the fraction of hgands bound at isolated sites is very low. The apparent rate 
constant equals 2k (1 - p ( 0 ) ) in this case. This situation has also been 
treated by Schwartz and Watanabe [ 9 0 ] , whose rate equation (44a) equals the 
second right hand term of Eq. 2.25 presented m a somewhat different form. 
When at t = 0 complete saturation (p(0) = 1) is obtained, the solution of the 
rate equations leads to a zero order kinetics [94] : 
[ Р
ь
( 0 ] = [ P b ( 0 ) ] - 2 k s [ S ( 0 ) ] t (2.26) 
where [ S ( 0 ) ] denotes the total concentration of nucleotide strands at t = 0. 
The number of cluster-ends stays constant as long as the clusters are large. 
However, towards the end of the dissociation the concentration of ends will 
begin to decrease and a constant rate of dissociation is no longer observed. 
For the situation in which ω = 1 and ω - ω. (see Eq. 2.22) the dissociation 
constants к , к and k j are simply related (Eq. 2.23) and the rate process, 
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F1g 2 6 Dissociation 
curves for the non-
r e d i s t n b u t i o n d issocia­
t i o n model, given by 
Lohman [ 9 4 ] , see 
section 2 2a The curves 
have been calculated 
using Eqs 2 25 and 2 26 
and using η = 4 and ω = 
500 Curves are given 
for various i n i t i a l de­
grees of saturat ion 
( o ( t = 0 ) ) and they depend 
on the product of the 
reaction rate for disso­
c i a t i o n of a protein 
from a c l u s t e r end (k ) 
and time ( t ) 
as determined by the decrease of the ratio [ P b ( t ) ] / [Pu(O)] with к t , is 
only dependent on the parameters v(0) (initial binding ratio), η and ω. In 
Fig. 2.6 an example of such a dissociation process is given for η = 4 and u 
= 500, calculated with Eqs. 2.25, 2.26 and the relation 
a(t) = a(0) . [ P b ( t ) ] / [ P b ( 0 ) ] (2.27) 
Because the distribution of bound ligands in the isolated, the single contigu­
ous and the double contiguous way is strongly dependent on the degree of 
saturation of the polymer (see section 2.1a and Figs. 2.2A and 2.3) very dif­
ferent dissociation time curves are obtained at different initial degrees of sat­
uration, see Fig. 2.6. Dissociation is completed for lower initial degrees of 
saturation for two reasons. First, the fraction of the fastest dissociating li­
gands, i.e. ligands bound isolated, is larger at lower degrees of binding. 
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Furthermore, after some dissociation the 'pool' of these isolated bound ligands 
is empty and the effective f i r s t order dissociation rate constant decreases 
from к to 2(1 - p ( 0 ) ) k (see Eq. 2.25), which has a greater value at lower 
initial degrees of b i n d i n g . On the other hand, at initial complete saturation 
zero order b inding is observed (see Eq. 2.26). Since m this case no isolated 
bound ligands are present at t = 0, the init ial dissociation rate is a factor u 
slower than f o r the other curves in Fig. 2.6. 
Experimental results for the gene-32 protein - nucleic acid dissociation can be 
quant i tat ively described by Eqs. 2.25 and 2.26 [84,94,96]. Especially, the 
observation of zero-order dissociation kinetics (when p(0) = 1) was considered 
[94] to provide qualitative evidence for a mechanism in which the major mode 
of dissociation is via singly contiguously bound ligands while no rearrange­
ment of clusters occurs dur ing the dissociation. However, this will be com­
mented m Chapter 5. 
2.2b The immediately-redistr ibuting model 
In sharp contrast to the previous model in this model i t is assumed that d u r ­
ing the dissociation the ligand clusters on the polymer lattice immediately re­
d is t r ibute themselves to form a new equi l ibrium according to the Eqs. given 
by McGhee and Von Hippel (see section 2 . 1 ) . The redistr ibut ion rate con­
stants are large compared to the other rate constants. This means that the 
overall dissociation rate is independent of the redistr ibut ion rate. The time 
dependency of the concentration of bound ligands equals (see Fig. 2.5 for 
definit ions) 
( d / d t ) [ P b ] = - k J P . i t ) ] - k s [ P s ( t ) ] - k d [ P d ( t ) ] ( 2 · 2 8 ) 
The concentrations of the three types of bound ligands are given in Eqs. 
2.12-2.14, while all terms are time-dependent now. Eq. 2.1 contains the ex­
pression for the parameter p ( t ) = (b b , ) ( t ) in Eqs. 2.12-2.14, as a function 
of n, w and v. The combination of Eqs. 2.12-2.14 and Eq. 2.28 leads to the 
expression for the time-dependency of the concentration of bound ligands 
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Fig 2 7 Dissociation 
curves for the Instan-
taneous Estábilishment 
of Lattice Equilibrium 
dissociation model, 
given by Epstein, see 
section 2 2b The curves 
have been calculated 
using Eqs 2 1 and 2 29 
In which η = 4 and и = 
500 Curves are given 
for various initial de­
grees of saturation 
(a(t=0)) and they depend 
on the product of the 
reaction rate for disso­
ciation of a protein 
from a cluster end (k ) 
and time (t) 
(d/dt) [Pb] = - [Pb(t)] {U-pW)2ki * 2(p(t) - p(t)2)ks • p(t)2kd> 
(2.29) 
At known values of η, и and v(t = 0) the time dependence of α (see Eq. 
2.26) can now be obtained by using Eq. 2.1 for the time-dependency of p ( t ) 
followed by numerically integration of Eq. 2.29. In Fig 2.7 curves are shown 
for various initial degrees of binding, η = 4 and u = 500. Dissociation pro­
ceeds roughly one or two orders of magnitude faster than in the non-
redistributmg case (compare to Fig. 2 . 6 ) . Again, the lower the initial degree 
of binding, the higher the initial fraction of isolated bound ligands and the 
faster the fraction of bound ligand has decreased to zero. Due to the fast 
redistribution of ligands, the fraction of ligand bound in the isolated way in­
creases during the dissociation process, thereby increasing the effective dis-
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sociation rate. The different shapes of the curves in Fig. 2.6 and Fig. 2.7 
can be used to qualify a dissociation process upon observing the dissociation 
time curves. 
The model given here corresponds to the IELE (Instanteneous Establishment of 
Lattice Equilibrium) approximation given by Epstein [93], as far as only the 
dissociation is considered. The IELE model itself gives a general time-
function of the binding ratio when both association and dissociation take 
place. 
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CHAPTER 3 
SPECIFICITY OF THE BINDING OF BACTERIOPHAGE M13 ENCODED 
GENE- 5 PROTEIN TO DNA AND RNA STUDIED BY MEANS OF 
FLUORESCENCE TITRATIONS 
3.1 ABSTRACT 
The fluorescence quenching of the bacteriophage M13 encoded gene-5 protein 
was used to study its binding characteristics to different polynucleotides. 
Experiments were performed at different salt concentrations and in some in-
stances at different temperatures. The affinity of the protein depends on the 
base and sugar composition of the polynucleotides involved and may differ 
appreciably, i.e. by orders of magnitude. The salt dependence of binding is 
within experimental accuracy equal for all single stranded polynucleotides. A 
method is presented to estimate values of the cooperativity constant from salt 
titration curves. These values are systematically higher than those obtained 
from titration experiments in which protein is added to a polynucleotide solu-
tion. A comparison is made between the binding constants of the gene-5 pro-
tein and the gene-32 protein encoded by the T4 phage. Possible implications 
of the binding characteristics of the gene-5 protein for an understanding of 
its role in vivo are discussed. 
3.2 INTRODUCTION 
To a large extent cellular processes are regulated by protein nucleic acid in-
teractions, but thus far a basic understanding of the underlying mechanisms 
is rather limited. This situation may change rapidly because crystal struc-
tures of proteins involved m protein nucleic acid interactions have been pub-
lished [41,97-100] or are soon to appear. Also theoretical models for the ther-
modynamic and kinetic description of their association behaviour have been 
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proposed [71,89,90,101] and have been applied m a number of experimental 
studies [35,37,59,92,102,103]. 
One of the proteins that has been extensively studied is the gene-5 protein 
encoded by the filamentous phage M13, which uses the E. coll bacterium as a 
host. During the life cycle of the phage the protein induces a switch from 
replicative form replication to single stranded DNA synthesis [17,18,24]. It 
is generally assumed that in the process the protein coats the nascent plus 
strand to prevent minus strand synthesis. Recently, a second and interesting 
function of the gene-5 protein has been uncovered. The protein regulates the 
cellular level of the M13 gene-2 product by means of translational repression 
[47,48]. 
It has been a long held belief, that the gene-5 protein is a nonspecific single 
stranded DNA binding protein. However, recent experiments indicate that this 
point of view is too restricted. By means of fluorescence binding experiments 
it has been shown that the gene-5 protein binds stronger to poly(dT) than to 
poly(dA) by at least two orders of magnitude [37] It has also become appar-
ent the protein is able to bind to double stranded RNA [104]. Moreover, a 
series of elegant experiments by Fullford and Model suggest that the transla-
tional repressor activities of the gene-5 protein may be brought about by 
sequence specific gene-5 protein RNA interaction [83]. 
To investigate whether specific binding under physiological conditions may 
find its origin in a preference of the gene-5 protein for specific bases and/or 
the sugar composition of the nucleotides we have carried out an extensive 
series of fluorescence binding experiments. The binding of the gene-5 protein 
to various synthetic and naturally occurring polynucleotides was studied by 
means of fluorescence titrations measurements [37] and by means of salt t i tra-
tions experiments and may be appreciably different for different polynucleo-
tides. A method was developed which allowed us to derive the binding char-
acteristics from the latter type of experiments. Interestingly, the binding 
preferences of the gene-5 protein differ from those of the analogous double 
helix destabilizing gene-32 protein from the T4 phage, which was studied in 
detail by Von Hippel and his collaborators [102,105]. 
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3.3 MATERIALS AND METHODS 
3.3a Materials 
Gene-5 protein was isolated as described by Garssen et al. [60]. The protein 
concentration was determined from the absorbance at 276 nm using a molar 
absorption coefficient of 7100 M cm [ 2 9 ] . Fluorescence titrations were 
performed with solutions containing 10 mM sodium cacodylate (pH 6.9) and 
various concentrations of NaCI. Poly(dA), poly(rA), poly(rU), poly(rC) and 
poly(rl) were purchased from Boehrmger; poly(dC), poly(dU), poly(dl) and 
poly(dT) from P.L. Biochemicals. M13-DNA was isolated from M13 phages as 
described by Komngs et al. [106]. Yeast t R N A P h e and 5S rRNA were isolated 
according to standard methods [107-111]. 
The concentrations of the polynucleotides were determined from U.V. absorp­
tion measurements using the following extinction coefficients: poly(dA), 9300 
M^cm" 1 (260 nm); poly(rA), 9500 M^cm" 1 (260 nm); poly(dC), 7200 M ^ c m " 1 
(270 nm); polyirC), 6500 M"1cm"1 (267 nm); poly(dU), 9200 М" Д ст" 1 (260 
nm); poly(rU), 9200 M ^ c m " 1 (260 nm); poly(dl), 9400 M ^ c m " 1 (260 nm); 
poly(r l), 9400 M ^ c m " 1 (260 nm); poly(dT), 8700 M ^ c m " 1 (265 nm); M13 
DNA, 7400 М"1спГ1 (259 nm); yeast t R N A P h e , 6800 M ^ c m " 1 (260 nm); 5S 
rRNA, 6800 M^crn" 1 (260 nm). 
3.3b Fluorescence titrations 
Fluorescence measurements were carried out with a Perkm Elmer fluorescence 
spectrophotometer MPF-4 equipped with a 150 W Xenonlamp. The instrument 
was used in the so-called ratio mode; this means that relative fluorescence 
signals were measured instead of absolute quantum yields. Excitation was at 
the absorption maximum (276 nm) of the tyrosyl residues and the fluorescence 
was measured at the emission maximum (303 nm). All measurements were per­
formed at 5 0 C , unless mentioned otherwise. Binding experiments of the 
gene-5 protein to poly(dl) and poly(rl) were performed after possibly exist-
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ing aggregates [112,113] had been removed by heating the solution of the 
polynucleotide above the presumed melting temperature (15 min. at 70 0 C ) 
prior to the titration experiment. 
3.3c Evaluation of titration curves 
Two types of titration experiments were carried out: 
1) A solution of polynucleotide was titrated with a protein solution both at the 
desired NaCI concentration. 
2) Mixtures of gene-5 protein and polynucleotides at low ionic strength, con­
taining the polynucleotide in (slight) excess, were titrated with a concentrat­
ed NaCI solution. This results in the dissociation of the protein polynucleotide 
complex, giving rise to an enhancement of the fluorescence intensity of the 
solution. 
The analysis of the binding experiments obtained in the first type of experi­
ments has been described earlier [37]. The fluorescence intensity as a func­
tion of the protein concentration is given by 
Fobs = ( n ' i v t N t l / t P f l H I - Q ^ ) ) / ( T v [ N t ] / [ P f ] ) ) [ P t ] F f (3.1) 
where F . is the observed fluorescence intensity; F, is the fluorescence in­
tensity per mol of free protein monomers; [N.] is the total nucleotide concen­
tration expressed in mononucleotides; [P.] and [РЛ are the total and the free 
protein concentration (expressed in monomers) respectively; Q m a x is the frac­
tion of protein fluorescence quenched upon binding; ν is the degree of satu­
ration per mononucleotide (also called binding density) defined as 
ν = [ P b ] / [ N t ] (3.2) 
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[ P L ] IS the concentration of bound protein (monomer). The fluorescence titra­
tion experiments are interpreted using the model of McGhee and Von Hippel 
[71] (see section 2.1a). 
ν / [ P f ] = K m t B (3.3) 
where К . is the intrinsic binding constant for the binding of a protein to an 
isolated site on the DNA. In Eq. 3.3 the parameter В is 
В = (1 - ην) {((2ω - 1)(1 - η«) • ν - R) / (2(ω - 1)(1 - η ν ) ) } " " 1 
Χ {(1 - (η * 1)ν * R) / 2(1 - η ν ) ) 2 (3.4) 
The meaning of the symbols is as follows: η is the number of nucleotides cov­
ered by one protein monomer, ω is the cooperativity factor, i.e. the factor by 
which К . is multiplied if a protein molecule binds adjacent to an already 
occupied site. 
R = {(1 - (n • 1 ) v ) 2 • 4ων(1 - n v ) } 1 / 2 (3.5) 
Combination of Eqns. 3 . 1 , 3 2 and 3.3 allows the calculation of the fluores­
cence intensity as a function of the parameters К ., ω, η, F, and Qm a Ä · 
Subsequently, the calculated fluorescence intensity is fitted to the observed 
intensity determined in experiments as mentioned under a (in order to obtain 
the best set of values for these parameters). 
For the interpretation of the salt titration curve mentioned under b we first 
consider Eq. 3.3 and 3.4. For sufficiently high values of ω ( i .e. υ > η ) , at 
half saturation the effective binding constant is equal to the reciprocal of the 
free protein concentration [ 7 1 ] , i.e. 
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( K , n t ^ 1 / 2 = l P f , 1 / 2 Γ 1 (3.6) 
where the subscript indicates the situation of half saturation of the polynu­
cleotide. Hence, by adjusting the salt concentration to obtain the situation of 
half saturation a binding constant can be derived. 
In the further analysis of the salt titration curves (mentioned under b) use is 
made of the following equation 
l o g ( K | n t U ) = с log [M ] • Ь (3.7) 
Studies of the binding of oligopeptides or proteins to RNA and DNA have 
shown that the effective binding constant conforms to Eq. 3.7 for salt con­
centrations in the range 0.1 to 1 M NaCI [114-116]. In Eq. 3.7 [M + ] is the 
concentration of monovalent cations (in our case Na ) for which the salt de­
pendence of the effective binding constant, К .и, is studied. Within the Na 
^ mt 
concentration range considered, с and b are constants. Theoretical arguments 
for the validity of Eq. 3.7 have been provided by Record and collaborators 
[73,74] (see Discussion). From Eq. 3.7 it follows that at half saturation the 
cation concentration [M ]i/2 a n d the corresponding effective binding constant 
(Κ .ω),/2 are related to the effective binding constant (K. n t u) at the salt 
concentration [M ] by 
( K
. n t u ) . = ( K . n t u ) 1 / 2 ( [ M + ] . / t M + ] l / 2 ) C ( 3 · 8 ) 
In our approach с and ( K . ^ u i - w j a r e experimentally available parameters. 
Hence, for a given value of ω (assuming that ω is constant throughout the 
salt titration) К . can be calculated at a particular salt concentration [M ] . 
At this salt concentration 
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[ P f / | ] = [ P t ] - ν, [ N t ] (3.9) 
where use has been made of Eq. 3.2. Substitution in Eq. 3.3 yields 
B i K .nt, i ( [ p t ] - v . [ N t H " v . = 0 ( 3 1 0 ) 
In this equation the only unknown is ν , which can be calculated by standard 
zero point methods. Making use of Eq. 3.13 (see below) and the relation 
ν = 0 [ P t ] / [ N t ] ( 3 . Π ) 
where 0 is the fraction of protein bound to the polynucleotide, the fluores­
cence intensity at the salt concentration [M ] can be calculated according to 
Fca.c,, = F f ( t p t ] - v , [ N t i Qmax) t 3 · 1 « 
Menee starting from Eq. 3.8 the fluorescence as a function of the salt concen­
tration can be calculated for a specific value of u. By varying и the calculat­
ed curve can be fitted to the experimental curve, which permits an estimation 
of ω. 
3.4 RESULTS 
3.4a Titration experiments 
Titrations of gene-5 protein polynucleotide mixtures with NaCI were carried 
out for various ribo- and deoxyribohomopolynucieotides and for some natural 
polynucleotides m order to study the influence of the type of sugar and/or 
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base on the strength of the protem-nucleotide complexes. At low ionic 
strength the protein is bound to the polynucleotide; upon increasing the NaCI 
concentration the gene-5 protein is dissociated from the polynucleotide as wit­
nessed by the increase of the fluorescence intensity. Therefore, in all experi­
ments the conditions were such that the polynucleotide was present in (slight) 
excess, ensuring that before addition of NaCI all of the protein was bound. 
In most cases the titration curves level off upon increasing NaCI concentration 
and the fluorescence intensity approaches a constant value (Figs. 3.1 and 
3 . 2 ) . From the observed fluorescence intensity the fraction of protein bound 
to polynucleotide, 0, can be calculated with 
0
 = < [ p t l F f - Fobs> / l P t J F f Q m a x ( 3 1 3 ) 
where [P*]Fr is the fluorescence intensity at the end of the titration and 
[P t ]FrQ is the difference in fluorescence intensity between the beginning 
and the end of the titration curve. 
Fig. 3.3 shows 0 for various complexes as a function of the NaCI activity. 
This figure clearly demonstrates the effect of the type of polynucleotide on 
the stability of the protem-polynucleotide complex, which is about equal for 
polyfrC), poly(rA) and poly(dA). The stability of these complexes is lower 
than for example the stability of the complex with poly(rU). To dissociate the 
poly(dU) complex still higher salt concentrations are required. The com­
plexes with poly(dC) and particularly with poly(dT) are so stable that even 
at 2 M NaCI a constant fluorescence level cannot be obtained, indicating that 
at this concentration the complex is still only partly dissociated (see Fig. 
3 . 2 ) . From the curves in Fig. 3.3 the salt concentrations were deduced at 
which the polynucleotide lattices are half saturated (see Table 3 . I ) . For 
poly(dC) and poly(dT) only lower limits can be given since complexes of the 
protein with these polynucleotides cannot be completely dissociated. All the 
experiments represented in Figs. 3.1 and 3.2 were performed at a total pro­
tein concentration of 10 μΜ which means that at half saturation К .и = 0.2 χ 
IO6 M" 1 . 
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Figure 3.1. Gene-5 protein fluorescence as a function of salt concentration, 
recorded at 5 0 C , upon disruption from poly(dA) ( · ) , poly(rU) (a) or poly(dU) 
(•)· 
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Figure 3.2. Gene-5 protein fluorescence as a function of salt concentration 
recorded at 5 0 C , upon disruption from poly(dC) (T) or poly(dT) ( ). 
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Values of K¡ntu) at other salt concentrations were found by changing the total 
protein concentration (and consequently the total nucleotide concentration) 
and also by measuring and analysing binding isotherms as described earlier 
[37]. The salt concentration region most suitable for measuring binding isot-
herms was also deduced from the titrations with NaCI; this is in fact the re-
gion where the dissociation of the complexes takes place. At different salt 
θ 
10 
0.5 
0 0 
-16 0.0 0.2 
l 0 9 a N a C I 
Figure 3.3. Fract ion, Θ, of gene-5 protein bound to d i f f e r e n t polynucleotides 
as a function of the NaCI a c t i v i t y , determined at 5 0C. Total protein concen­
t r a t i o n of 10 μΜ po]y(rA) ( o ) ; poly(dA) ( · ) ; poly(rU) ( n ) ; po]y(dU) (ш); 
p o l y ( d l ) (A) ; poly(rC) (V); yeast tRNAPhe ( a ) ; 5S rRNA ( 0 ) or M13 DNA ( • ) . 
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Table 3 I 
Concentration of NaCl at half saturation of different polynucleotides 
at a total gene-5 protein concentration of 10 μΜ obtained at 5 0C. 
polynucleotide [NaCl] (M) 
dA 
dC 
di 
dT 
dU 
rA 
rC 
ri 
rU 
M13 DNA 
SS rRNA 
ist tRNA P h e 
0 23 
> 1 0 
0 61 
> 2 
0 96 
0 23 
0 22 
0 90 
0 47 
0 44 
0 22 
0 15 
concentrations in these regions, titrations with gene-5 protein were performed 
for the different polynucleotides (not shown). Again the results were anal­
ysed with the binding model of McGhee and Von Hippel [ 7 1 ] , as described by 
Alma et al. [37]. 
For all polynucleotides studied the Q m a x , the fraction of the fluorescence 
quenched upon binding, is 0.G0 i 0.04, except for poly(dT) where Q m a x = 
0.80. The number of nucleotides, n, covered by one protein molecule turned 
out to be 4.0 i 0.3, concurrent with our earlier results. These parameters 
as well as K._4.u are related to well defined characteristics of the titration int 
curves and can therefore be determined with more accuracy than the coopera-
tivity parameter, ω, which vanes around 200 and than К .. Therefore the 
effective binding constant Κ +ω was analysed as a function of the salt con­
centration. 
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The values obtained for Κ ¿ω as a function of salt concentration are present­
ed in Fig. 3 4, where log Κ »ω is plotted against log [NaCI]. Within experi­
mental accuracy linear plots are obtained (sets of two datapoints were left out 
of consideration). Moreover, again within experimental accuracy, the slopes 
of these lines are equal (Table 3.11), i.e. 
d log (Κ | η ί ω) / d log [NaCI] = -4.0 ί 0.8 (3.14) 
Hence, specificity of the binding of the gene-5 protein to the various polynu­
cleotides is not found in the slopes but in the relative displacement of the 
lines in Fig. 3.4. The parameter log K0, i.e. the value of log ( К .ш) at 1 M 
NaCI, can serve as a quantity to express its specificity, the data are collect­
ed m Table 3.11. Note that d log K | n t u / d log [NaCI] and log K0 correspond 
to the constants с and b respectively in Eq. 3.7. 
Table 3 II 
Binding characteristics for the salt dependence at 5 0C of the 
binding of gene-5 protein to different polynucleotides (see Eq 3 7) 
polynucleotide 
dA 
di 
dU 
rA 
rC 
ri 
rU 
M13 DNA 
yeast tRNA P h e 
d log CSnt-
= с 
-4 7 
-3 3 
-4 6 
-4 6 
-3 5 
-3 6 
-3 5 
-3 3 
-3 2 
)/d log [Hi XI] log K0 
= b 
1 9 
4 4 
5 2 
2 2 
2 7 
4 1 
4 0 
3 8 
2 5 
68 
0.2 
log [NaCl] 
Figure 3.4. Salt dependency of the e f f e c t i v e binding constant Κ. .ω for gene-5 
protein polynucleotide complexes, as derived from sal t t i t r a t i o n s of the com­
plex ( e . g . Figure 3.3) and from binding isotherms, at 5 0C. poly(rA) ( o ) ; 
poly(dA) ( · ) ; poly(rU) ( • ) ; poly(dU) (•) ; p o l y ( r l ) (Δ); p o l y ( d l ) (A); poly(rC) 
(V); yeast tRNAPhe ( и ) ; 5S rRNA ( 0 ) and M13 DNA ( • ) . 
3.4b Derivation of the cooperativity factor from salt titrations 
In the preceding section the salt titration experiments were employed to de­
rive values for the effective binding constant, K¡n tu, as a function of the salt 
concentration. As indicated under Materials and Methods (section 3.3c) these 
curves can also be employed to obtain independent estimates of K . and ω 
using the linear dependence of log K j n t u on log [NaCl]. This procedure is 
necessarily restricted to homopolynucleotides. For heteropolynucleotide lattices 
it is not possible to define a unique intrinsic binding constant. Its value will 
vary along the macromolecular chain which precludes a proper simulation of 
the salt titration curve. A similar remark applies for w. 
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As an example, the salt titration curve of the gene-5 protein poly(dA) 
complex is considered. The fluorescence intensity of the poly(dA) gene-5 pro­
tein mixture was calculated as a function of the salt concentration. In the 
simulations the following constants were introduced: the number of nucleotides 
covered by one protein monomer η = 4; the salt dependence of the effective 
binding constant с = -4. The reason for this choice is evident (see preceding 
section): for all experiments we find that η and -c are equal to four within 
experimental accuracy. The effect of different values of ω on the (simulated) 
salt titration curves is shown in Fig. 3.5. Excellent correspondence between 
experimental and simulated curve is obtained for ω = 500. 
05 
[lUCI] IM) 
Figure 3.5. Simulation of salt titration curves for different values of ω; ω = 
5 ( ); 50 ( ); 500 ( — ) ; 1500 ( ) and 5000 ( ). (о) represent 
experimental points obtained at 5 0C for the gene-5 protein poly(dA) complex. 
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Examination of Fig. 3.5 shows that the first part of the titration curve, i.e. 
at low salt concentrations, is rather insensitive to the value of ω. However, 
at higher salt concentrations, i.e. when the degree of saturation becomes less 
than 0 5, the form of the curves is much more affected by u. This behaviour 
can be explained qualitatively as follows. Titration of the protein polynucleo­
tide complex with a concentrated salt solution results in the breakage of 
protem-nucleotide contacts mainly at the end of a protein cluster, provided 
that ω is large enough to prevent the disruption of the binding of a doubly 
contiguous bound protein. During the titration the degree of saturation de­
creases which is followed by a redistribution of the bound protein to more 
and therefore smaller clusters However, this redistribution to smaller clus­
ters will be inhibited for increasing values of ω. This means that for progres­
sively higher values of ω steeper salt titration curves will be observed at the 
end of the titration, increasingly approaching an all or none behaviour. The 
theoretical salt titration curves of the other gene-5 protein homopolynucleotide 
complexes show similar behaviour as is discussed above for the gene-5 protein 
poly(dA) system. The cooperativity factors deduced from the salt titrations 
are listed in Table 3 III together with those obtained by analysing the con-
vential binding isotherms. 
Table 3 III 
Gene-5 protein cooperativity factors obtained from salt titrations and 
binding isotherms which show the best correspondence of the simulated and 
experimental curves In all salt titration simulations с is taken -4 0 
polynucleotide salt titrations binding isotherms 
(average values) 
dA 500 130 
rA 770 110 
rU 220 120 
rC — 100 
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3.4c Temperature dependency of the complex formation 
Former experiments [37] showed that the enthalpy effect for the binding of 
the gene-5 protein to poly(dA) is close to zero. In contrast, we find that for 
the gene-5 protein poly(dU) complex formation studied at 0.70 M NaCI and at 
different temperatures (see Table 3.1V) ΔΗ = -17.2 kcal/mol, as calculated 
from a Van 't Hoff plot. At 25 0 C three salt titrations were performed with 
gene-5 protein M13 DNA complexes. The measured binding constants are vir­
tually the same as the binding constants obtained at 5 0 C from interpolation 
of the data in Table 3.11, indicating very small enthalpy effects upon the 
binding of the gene-5 protein to its viral genome (see Table 3.1V) 
Table 3 IV 
Thermodynamic parameters characterizing the binding of the gene-5 protein 
to various polynucleotides 
polynucleotide [NaCI] К^^ы ΔΗ 0 Δ5 0 
dA 
dA 
dU 
dU 
dU 
M13 DNA 
M13 DNA 
M13 DNA 
(M) 
0 175 
0 21 
0 70 
0 70 
0 70 
0 28 
0 33 
0 42 
(IO5 M"1) 
3 5 (25 0C) 
1 3 (25 0C) 
11 1 ( 5 0C) 
3 21 (15 0C) 
1 32 (25 0C) 
4 95 (25 0C) 
2 53 (25 0C) 
0 87 (25 0C) 
(kcal mol-1) 
+ 2 
- 2 
-17 2 
-17 2 
-17 2 
+ 0 5 
- 0 4 
- 2 2 
(cal mol-1 K - 1) 
32 
17 
-34 
-34 
-34 
27 
23 
15 
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3.5 DISCUSSION 
3.5a Binding characteristics 
The present paper is an extension of our earlier fluorescence binding experi­
ments with the aim of obtaining a more detailed insight into the binding char­
acteristics of the gene-5 protein. Within experimental accuracy we find from 
all our experiments that the number of nucleotides covered by one protein 
monomer is 4. This is in agreement with our earlier results and with those of 
a number of other laboratories [17,29,33,35,59,63]. In cases where higher 
binding ratios are found the lattice is (most likely) not completely occupied. 
At this time it is not clear how the η = 4 binding ratio can be matched with 
the detailed structural model for the gene-5 protein DNA interaction advocated 
by Brayer and McPherson which suggest a binding ratio of η = 5 [ 4 1 ] . 
One aspect that has not been recognized when applying the McGhee and Von 
Hippel theory in the analysis of binding isotherms of polynucleotide protein 
complexes is the polyelectrolyte nature of the polynucleotides. The present 
binding experiments and those performed in other laboratories provide ample 
evidence that the binding of gene-5 protein is to a large extent determined 
by electrostatic interactions. Electrostatic interactions will be much more ef­
fective at the start of a titration experiment, when the DNA molecule is v irtu­
ally unoccupied than at the end of the titration when the DNA lattice is al­
most saturated. Consequently, upon binding of the protein the apparent 
binding constant gradually diminishes because the electrostatic contribution to 
the binding becomes less. This introduces an anticooperativity in the binding 
of the protein to the DNA, a phenomenon that is well known for for instance 
2+ 
Mg binding to tRNA [117,118]. This anticooperative binding effect will 
moderate the cooperativity of the protein binding, resulting in lower (appar­
ent) values for ω than obtained through the salt titration curves. 
In a proper description of the complex formation of the gene-5 protein with 
polynucleotides the release of countenons from the polynucleotide (and possi­
bly anions from the protein) should be accounted for. Therefore the complex 
formation reaction is represented by 
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protein • polynucleotide ^ complex • (m> + k) ions (3.15) 
m' is the number of ion pairs formed per protein molecule and ψ is the aver­
age number of cations bound per phosphate group. Consequently, ιπ'ψ is the 
number of monovalent cations released from the polynucleotide; к is the num­
ber of monovalent anions released from the protein. According to Record and 
coworkers [74,115] 
log (Km tu>) = -(m> + k) log [M + ] • log K0 (3.16) 
where [M ] is the monovalent cation concentration. We found that within ex­
perimental accuracy с = -(πι'ψ + к) = -4. If we assume that m' = η = 4 and 
make use of the fact that Φ - 0.75 [73] then the number of sodium ions re­
leased upon binding one protein molecule is 3, while the protein looses one 
С Г - ю п ; this applies for all polynucleotides. Calculations of the first term of 
r.h.s. of Eq. 3.16 (for instance at 0.2 M Na ) also shows that the electro­
static contribution to the binding is appreciable. 
3.5b Specificity of the binding 
The results presented in this paper provide ample evidence for the existence 
of large variations in the affinity of the gene-5 protein for different nucleo­
tide sequences. Some rules can be formulated to describe these variations in 
binding strength. It is pointed out from the start that the simple proposition 
that binding of the protein to DNA is stronger than to RNA does not obtain 
in general. Examination of Fig. 3.4 demonstrates that the gene-5 protein has 
a higher affinity for poly(rU) and poly(rl) than for poly(dA). However, it 
does follow from the present experiments that the binding to polyribonucleo­
tides is weaker (or equal) than to the polydeoxynbonucleotide homologues, 
i.e. the order in binding strength is: poly(dA) = poly(rA); poly(dC) > 
poly(rC); poly(dU) > poly(rU); poly(dl) > p o l y ( r l ) . 
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The observed differences in binding strength can only be explained to a 
limited extent. The weakest binding observed is that to tRNA. This is rea­
sonable because tRNA has a strong tendency to form double helices and t e r t i ­
ary structure so that particularly at somewhat higher salt concentrations 
gene-5 protein binding cannot compete with structure formation in tRNA. 
The relatively weak binding to poly(dA) and poly(rA) compared to for in­
stance binding to poly(dU) has been explained before. The polyadenylic ac­
ids have a strong tendency to form highly stacked structures. In the nu-
cleoprotem complex these stacking interactions are disrupted and most likely 
replaced by stacking between the adenine bases and aromatic amino acid resi­
dues of the protein. This followed from NMR experiments but is also suggest­
ed by the observation that the enthalpy change upon binding of the gene-5 
protein is close to zero. This is interpreted to mean that the enthalpy loss 
occurring upon destacking of the adenine bases is compensated for by the 
enthalpy gam resulting from the stacking of these bases on the aromatic ami­
no acids In concurrence with this interpretation it is observed that binding 
to poly(dU) is accompanied by an enthalpy change of ΔΗ = -17.2 kcal/mol. At 
ambient salt concentrations the bases in poly(dU) are not stacked so that the 
favourable enthalpy change caused by the possible stacking of the aromatic 
amino acids on the undines may become manifest. As yet we are not able to 
offer an explanation for other differences in the affinity of the protein to­
wards the various polynucleotides. Thus it is not clear as to why the protein 
binds to a particular polydeoxynbonucleotide in preference to the correspond­
ing polyribonucleotide. Also the much higher affinity for poly(dT) than for 
poly(dU) cannot be accounted for. The latter characteristic is not only a 
property exhibited by the gene-5 protein. Similar observations have been 
made for the helix destabilizing gene-32 protein encoded by bacteriophage T4 
[102] as well as for the E. coli single strand binding protein [119]. 
Thymine differs from uracyl only in that a methyl group is attached to the C5 
ring atom instead of a proton and yet this small difference results m a gene-5 
protein poly(dT) complex which cannot be dissociated at salt concentrations at 
which the gene-5 protein poly(dU) complex is fully disrupted. The hydropho­
bic nature of the methyl group and a more effective stacking of the thymidine 
in the complex could be responsible for this increase m binding strength 
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[120] . I t is interesting to note that quenching of the gene-5 and gene-32 
protein fluorescence is higher upon binding to po ly (dT) than to other po lynu-
cleotides. 
Another interesting feature concerning the déplacement of the protein from 
DNA follows from an examination of Fig. 3 .3. The salt t i t rat ion curve 
acquired for the M13 DNA protein complex is less steep than those of the two 
polynucleotides, i .e. po ly ( rU) and p o l y ( d l ) , with similar effective binding 
constants. We consider th is to be a demonstration of the heterogeneity in the 
base composition of the M13 DNA. During the salt t i t rat ion f i r s t the weaker 
b inding nucleotide residues ( e . g . stretches of A-residues) will loose the 
bound gene-5 prote in, resul t ing in a decrease of the degree of saturat ion. 
With increasing salt concentrations this process continues so that the fraction 
of the nucleotides to which the gene-5 protein shows stronger binding gradu-
ally increases. In the end this leads to the tai l ing m the salt t i t rat ion curves 
at low degrees of saturat ion. 
3.5c Comparison with the gene-32 protein 
Just as the gene-5 protein the gene-32 protein encoded by the T4 phage is a 
double helix destabil izing prote in . Its DNA and RNA binding properties have 
been studied in even more detail than those of the gene-5 protein and it is 
interest ing to make a comparison between the properties of these two p ro -
teins. 
Just as for the gene-5 protein i t was found that binding of the gene-32 p ro -
tein to deoxynbopolynucleotides is stronger than to their ribopolynucleotide 
homologues. However, in contrast to the gene-5 protein the af f in i ty of the 
gene-32 protein for DNA is always higher than for RNA polynucleotides. As 
we have seen m the preceding section both proteins bind much more effec-
t ive ly to po ly(dT) than to po ly (dU) . Effective binding constants obtained for 
gene-32 and gene-5 protein to various polynucleotides at 0.23 M NaCI and 37 
0C are presented in Table 3 .V . The available data show that the af f in i ty of 
the gene-5 protein to the various nucleotides may di f fer signif icantly from 
that of the gene-32 protein 
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Table 3 V 
Comparison of the binding constants К
 t u (M ) of gene-5 protein 
and gene-32 protein [102,105] polynucleotide complexes at 37 0C and 
0 23 M NaCl The data represent extrapolated values The temperature 
dependency f o r the binding constant of the gene-5 protein to polyr ibo­
nucleotides was assumed to be the same as to the corresponding polydeoxy-
nbonucleot ides For calculat ions discussed in the t e x t (see Fig 3 8) 
cooperat iv i ty values of ω = 500 for gene-5 protein and ω = 2000 for 
the gene-32 protein are used 
polynucleotide gene-5 protein gene-32 protein 
dA 9 2 104 2 107 
dC — 2 108 
dU 6 0 106 5 107 
rA 1 3 105 3 106 
rC 1 0 105 (*) 3 104 
rU 8 0 104 4 106 
M13 DNA 8 7 IO5 
T4 DNA — 8 IO7 
*) holds only i f ΔΗ = 0 
3.5d Possible implications for the m vivo behaviour of the gene-5 protein 
The quantitative binding parameters now available for the gene-5 protein per­
mit us to reflect on some aspects of the role of the gene-5 protein during 
replication and translation. The present experiments demonstrate that the 
protein can bind to DNA as well as to RNA and that it is even capable of 
"unwinding" the tRNA molecule. Indifferent binding to RNA and DNA could be 
lethal to the cell, but our data indicate that the molecule is so beautifully 
designed that, at the ionic conditions and gene-5 protein concentration pre­
vailing in the cell, this does not seem a serious problem. This is illustrated 
in Fig. 3.6 for the binding of the protein to tRNA. The effective binding 
- Chapter 3 - 77 
10 
OB 
0 6 
0« 
0 2 
-
_ 
-
f 
С 
i • ' • ^ 
r 
yeast 
tRNA P H E 
• 
f 
A 
. 
-4 
log Pf 
Figure 3 6. Simulation of the degree of s a t u r a t i o n , o, of hairp in A (A) , ha ir-
Php pin С (С) (see t e x t ) and yeast tRNA as functions of the free gene-5 protein 
concentrat ion, [ P f ] , at physiological condit ions (37 0 C, 0 23 M NaCl) The 
arrow indicates physiological concentrations of the gene-5 protein when single 
stranded DNA synthesis i s occurring 
Phe constant for the complex formation of gene-5 protein to yeast tRNA at 0.2 
M NaCl can be estimated from Fig. 3.4. This value was used to calculate the 
degree of saturation of the tRNA with the protein as a function of the free 
protein concentration. The calculation shows that the protein concentration 
has to be increased beyond the estimated free protein concentration in the 
cell (17 μΜ) [37] before binding to tRNA can take place. In practice the 
binding isotherm will be shifted more to the right because in the cell tRNA 
will predominantly be complexed to proteins, e.g. elongation factor Tu (EF-
Tu) or ammoacyl tRNA synthetases. 
Similar considerations can be extended to the hairpins which can be formed 
by the viral genome. A number of these stem-loop structures are surmised to 
act as regulatory signals e.g. a hairpin structure downstream of gene-8 func-
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tions as a rho-independent transcription termination signal [121,122]. At this 
time we confine our attention to hairpins which may be formed by the comple­
mentary sequences in the intergenic region between gene-4 and 2. Experimen­
tal evidence for the existence of these hairpins, which are presented in Fig. 
3.7, is given in the literature [123-127]. In particular we consider the influ­
ence of the gene-5 protein on hairpins A and C. The fraction of hairpins, a, 
melted out by the protein is given by 
[ P f ] m K / ( [ P f ] m K * 1) (3.17) 
where m is the maximum number of protein molecules that can bind to a nu­
cleotide chain of the length of the hairpm. К is the equilibrium constant 
characterizing the reaction 
H • mP ,_ H s P m (3.18) 
where H stands for the hairpin and H P for the melted hairpm complexed to 
m protein molecules. To calculate К we have adopted the following model: the 
hairpm is converted into the single stranded state and subsequently complete­
ly occupied by gene-5 protein. Then 
К = К^К2 (3.19) 
where К, is the equilibrium constant characterizing the disruption of the 
hairpm and K, is the equilibrium constant characterizing the complete satura­
tion of the disrupted hairpm with gene-5 protein. 
K2 = S K m t ( K | n t u . ) m " 1 (3.20) 
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Figure 3.7. The intergenic region of the M13 genome with Its proposed secon-
dary structures (hairpins A to E). Positions 5757 and 5782 are the starting 
points of complementary strand respectively viral strand synthesis; denoted by 
bold arrows. Single stranded parts containing no secondary structure are rep-
resented by a straight line; the number of nucleotides composing these struc-
tures is indicated. 
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S is a statistical factor giving the number of ways one protein cluster can 
bind to the polynucleotide. Hence K, can be calculated from the average ef­
fective binding constant obtained for M13 DNA at 0.23 M NaCI and 37 0 C 
(Table 3 . V ) . K* can be estimated from the thermodynamic parameters avail­
able for the formation of DNA hairpins [128-130] 
In Fig. 3.6 α is given for hairpin A and С (Fig. 3.7) as a function of the 
free protein concentration. The protein concentration required to melt hairpin 
A far exceeds the free protein concentration in the cell. This indicates that 
this hairpin is not melted out in the gene-5 protein M13 DNA complex. 
Hence, the gene-5 protein does not seem to impair the possible role of this 
hairpin during phage assembly that has been suggested by many authors 
[2,12,131]. 
On the other hand hairpin С is melted out at the concentrations of gene- 5 
protein prevailing in the cell after DNA synthesis is switched from replicative 
form replication to single stranded DNA synthesis. Therefore at these gene-5 
protein concentrations the hairpin probably can no longer serve as the origin 
for RNA primer synthesis needed for replicative form replication [124]. 
In addition to its role during phage DNA replication the gene-5 protein has 
been implicated to act as a translational repressor for the gene-2 protein. 
Analogous properties are exhibited by the gene-32 protein encoded by the T4 
phage [126,132-134]. As has been indicated in the previous section the 
gene-32 protein is a helix destabilizing protein which plays a role in DNA 
replication. It also acts as a translational repressor and thereby regulates its 
own synthesis. Von Hippel et al. have offered an explanation for this behav­
iour, not by invoking the existence of specific binding sites which derive 
their specificity from complementary matrices of hydrogen bond donors and 
acceptors, but by utilizing the binding cooperativity to amplify modest differ­
ences in binding affinities to different types of nucleic acids and different 
sequences [105]. As a result the protein can bind preferentially to a partic­
ular unstructured region around the nbosome binding site of its mRNA. 
Based on the thesis that the gene-5 protein behaves very similarly to the 
gene-32 protein, Fulford and Model investigated whether the proteins i.e. the 
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Figure 3 8 Simulation of 
the degree of saturation, 
o, of homo-oligonucleotl-
des 
a) oligo-(rU) 2 8 
b) oligo-(rA) 2 8, 
c) oligo-(rU)8, 
d) oligo-(rA)8 
as a function of the free 
protein concentration 
[Pf] Saturation by gene-
32 protein is indicated by 
and saturation by 
gene-5 protein by — For 
the calculatation the 
binding constants listed 
in Table 3 V were used 
6 3 4 3 2 1 4 5 4 ^ 2 1 
log l( log P, 
gene-32 protein and the gene-5 protein could replace each other in their 
translational repressor functions [83]. The answer turned out to be negative 
which led to the suggestion that preferential binding to specific RNA se­
quences (or structures) could play a role in the repression activities The 
results obtained in this paper for the gene-5 protein may cast some doubt on 
the underlying assumption. In some instances the binding properties of the 
gene-5 protein differ significantly from those of the gene-32 protein (see 
Table 3 . V ) . Particularly noteworthy is our observation that at 5 0 C (see 
Fig. 3.4) the affinity of the gene-5 protein to poly(rU) (and poly(r l)) is 
slightly higher than the average affinity to M13 DNA and much higher than to 
poly(dA) and poly(rA). For the gene-32 protein the order of affinities is 
quite different (vide supra). Guided by the proposal of Fulford and Model 
concerning the regulatory RNA sequences for the gene-32 and gene-2 mRNAs, 
we considered two simplified and extreme situations We examined the binding 
of the gene-5 and the gene-32 protein to a stretch oligo(rU) and oligo(rA) 
consisting of 28 and of 8 nucleotides, which we considered as models for the 
regulatory mRNA sequences. The results are presented in Fig. 3 8 For the 
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28 nucleotide long molecules the gene-32 protein first fills up the lattice; m 
both cases the concentration of gene-5 protein required to achieve the same 
degree of saturation is much higher. For the short oligonucleotides (rA)« and 
(rU)g the differences in concentrations of the two proteins at which 
saturation is attained are too small to explain the specificity observed in the 
translation repression experiments. Hence, by this approach we cannot mimic 
the results of Fulford and Model in both examples, which may be taken to 
support their thesis that the proteins may bind preferentially to a certain 
sequence (or structure) of the mRNA. 
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CHAPTER 4 
DIFFERENT DNA BINDING MODES AND COOPERATIVITIES FOR 
BACTERIOPHAGE M13 GENE-5 PROTEIN REVEALED BY MEANS OF 
FLUORESCENCE DEPOLARISATION STUDIES 
4.1 ABSTRACT 
The binding of the bacteriophage-M13-encoded gene-5 protein to oli-
go(deoxythymidylic acid)s and M13 DNA was studied by means of tyrosyl 
fluorescence decay and fluorescence anisotropy measurements. The observed 
fluorescence decays could be described with two exponentials, characterised 
by the lifetimes τ, = 2.2 ns and τ-, = 0.8 ns respectively. Only the ampli­
tude of the longer-lifetime component is influenced by binding of the protein 
to DNA. This indicates that a part of the tyrosyl residues is involved in the 
binding. By means of fluorescence depolansation measurements the rotational 
correlation time of the protein dimer is found to be 12.9 ns. In contrast to 
earlier measurements carried out on the DNA binding protein of phage Pfl by 
Kneale and Wijnaendts van Resandt [ 8 4 ] , the observed rotational correlation 
times of the gene-5 protein pass through a maximum when the protein is t i ­
trated with oligo(deoxythymidylic acid)s. This is not observed upon titration 
with M13 DNA. Our measurements showed that for the oligo(deoxythymidylic 
acid)s there clearly is a decrease in the number of clustered proteins on the 
lattice m the case of excess nucleotide. This is a direct consequence of the 
much lower cooperativity of the binding to the oligonucleotides compared to 
the cooperativity characteristic of binding to polynucleotides. The number of 
nucleotides covered by a protein monomer is found to be < 3 for the oligonu­
cleotides and = 4 for M13 DNA. Model calculations show that the "time-
window" through which the fluorescence depolansation can be observed ( i . e . 
the fluorescence lifetime) in this case significantly affects the "measured" ef­
fective rotational correlation times. 
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4.2 INTRODUCTION 
An interesting aspect of the interaction between the single strand DNA bind­
ing gene-5 protein, encoded by the bacteriophage M13, is its ability to bind 
to DNA m two different modes, previously designated the oligonucleotide and 
the polynucleotide binding mode. In the polynucleotide binding mode the pro­
tein covers four nucleotides and the cooperativity of binding is high, i.e. the 
binding of a protein adjacent to an already bound protein is increased by a 
factor of five hundred (ω = 500) with respect to binding to a naked lattice. 
In the so called oligonucleotide binding mode the protein covers three nucleo­
tides and the cooperativity of the binding is two orders of magnitude smaller 
(ω = 5 ) . Moreover, the salt dependence of the two binding modes differs sig­
nificantly [37,67,Chapter 3 of this thesis]. 
Recently the binding characteristics of the single strand DNA binding protein 
of the filamentous phage Pfl were studied in detail by means of fluorescence 
depolansation measurements [84,135]. Similarly to the ΜΊ3 gene-5 protein 
and the T4 single strand DNA binding gene-32 protein [102,103,136], the Pfl 
protein exhibits highly cooperative binding to single strand DNA. However, in 
contrast to the M13 gene-5 protein, for the Pfl protein different binding mod­
es could not be distinghuished: complex formation to polynucleotides and oli­
gonucleotides turned out to be very much the same. Thus the question arises 
whether the two proteins are intrinsically different m their DNA binding 
properties. This is not self evident, because the second binding mode discov­
ered for the M13 gene-5 protein was detected in a series of NMR measure­
ments on the complex formation with oligo(deoxyadenylic acid)s [67]. For 
this method much higher concentrations (10 M) of nucleic acid and protein 
are required than for fluorescence measurements (10 M) and it was suggest­
ed either that binding properties may be concentration dependent, so that the 
possible second binding mode for the Pfl protein could not be picked up in 
the fluorescence experiments, or that the shifts observed in the NMR spectra 
upon complex formation between the gene-5 protein and oligo(deoxyadenylic 
acid)s might result from protein-protein interaction instead of protem-DNA 
interaction [ 8 4 ] . In our opinion the Overhauser effects observed between 
protein and nucleotide residues [69] argue against the latter interpretation. 
To obtain further insight into the importance of the suggestions mentioned 
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above the interaction between gene-5 protein from the M13 phage and DNA 
was studied by fluorescence depolansation as well. The results of this study 
are presented in the present paper and they confirm the interpretation of 
the earlier NMR experiments [67,69]. An interesting and new aspect of these 
fluorescence depolansation studies is that the decrease of the number of pro­
teins clustered on the DNA lattice can be observed directly. Moreover the 
gene-5 protein is one of the first examples of a protein with only tyrosines as 
fluorescent probes which is studied by means of fluorescence depolansation. 
Tyrosyl residues have a relatively short fluorescence lifetime. In general the 
fluorescence lifetime influences the value of the rotational correlation time cal­
culated from fluorescence depolansation measurements. This is particularly 
manifest for short fluorescence lifetimes and this effect will be demonstrated 
in the present study. 
4.3 MATERIALS AND METHODS 
4.3a Materials 
Gene-5 protein was isolated and purified as described previously [ 6 0 ] , except 
that during Escherichia coll sonication no DNAse I was added. Concentrations 
of the gene-5 protein were measured using a molar extinction coefficient at 
the absorption maximum (276 nm) of 7100 M cm" . The oh-
go(dexoythymidylic acid)s were purchased from P-L Biochemicals. They have 
5'-termmal phosphates. The extinction coefficient for (dT)g at 266 nm is ε = 
8690 M"1 cm"1 [137]. The extinction coefficients ε = 8600 M"1 cm"1 for ( d T ) 1 2 
and ε = 8540 M" cm" for (di"),g at 266 nm were obtained from interpolation 
of literature data [137]. M13 DNA was purified according to Konmgs et al. 
[107]; a molar extinction coefficient of 7400 M cm" at 259 nm was used for 
this molecule. 
All measurements were performed in a buffer containing 10 mM sodium cacody-
late, 50 mM sodium chloride (unless otherwise mentioned) at pH 6.9. 
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4.3b Fluorescence measurements 
Fluorescence lifetimes and amsotropies were measured at 20 0C with the EMBL 
fluorescence spectrometer, which is described in detail elsewhere [138]. The 
system consists of a synchronously pumped cavity dumped dye laser, the out-
put of which is frequency doubled to 285-310 nm. The pulse width of the 
system is 10 ps, with a repetition rate of 4 MHz. The tyrosine fluorescence 
of the sample was excited at 285 nm and observed through a 20 nm wide in-
terference filter centered around 300 nm. 
Fluorescence decay curves were measured using the single photon technique 
[139] with a very fast channelplate photomultipher (Hamamatou R1564U). The 
time response of the system is 70 ps (full width half maximum). Since the 
time response of the system is very short (less than one channel in the data) 
the model function was not convoluted with the apparatus response. 
The vertically and horizontally polarised components of the emitted light were 
detected simultaneously by the same detector. This is done by using a 45 ns 
optical delay of the horizontally polarised component with respect to the verti-
cally polarised emitted light. The time dependent change of the fluorescence 
amsotropy, A ( t ) , and of the fluorescence itself, F ( t ) , upon excitation with a 
very short, plane-polarised pulse, is given by (see e .g . [140,141]) 
A( t ) = ( ( / / ( t ) - I j j t ) ) / ( ^ / ( t ) + 2 I j j t ) ) (4.1) 
and 
F(t) = \//it) * 2 M t ) (4.2) 
where \ ,, is the intensity of the light polarised parallel and I. the intensity 
polarised perpendicularly to the plane of polarisation. The data were anal-
ysed using a non-linear least squares fitting procedure, SPLMOD by R. Vogel 
[142]. 
88 
4.4 RESULTS 
4.4a Fluorescence lifetime measurements 
An example of a fluorescence intensity decay curve measured for the M13 
gene-5 protein is shown in Fig. 4.1a. All observed fluorescence decay curves 
Stand dn 
10 
tinsi 
Figure 4.1. a) Example of a fluorescence decay curve of the gene-5 protein; 
the excitation wavelength was 285 nm and the emission wavelength was 300 nm. 
b) Example of a fluorescence anisotropy decay curve of the gene-5 protein; 
excitation and emission wavelengths as under (a). Both curves were fitted by 
means of a least squares analysis program [142] for sums of exponentials. The 
weighted residuals of these fits are shown above the curves. For the curve in 
(a) the results were tj = 2.10 ± 0.02 ns, A 1 = 0.62 ± 0.01 
A 
t 2 = 0.80 ± 0.02 
0.38 ± 0.01 with a reduced standard deviation of fits, χ 
(b 
„2 
1.03 (see ns, o 2 
Eq. 4.3). For the curve in ) we obtained 0 = 26.4 ± 1.0 ns with a reduced 
2 
standard deviation of fit, χ = 0.98. 
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could be adequately described by a linear combination of two exponentials. It 
was found that the two decay constants of these exponentials were indepen­
dent of the size and composition of the protem-DNA complex and that only 
the relative amplitudes of the components were affected. Hence, all fluores­
cence decay data could be described by 
F(t) = A, e - ^ l * A 2 е - ^ 2 ( 4 · 3 ) 
with τ-, = 2.2 ί 0.2 ns and τ^ - 0.8 ± 0.1 ns. It was found that the ampli­
tude of the short-lived component was independent of the degree of saturation 
of nucleotide with gene-5 protein, while the amplitude of the long-lived com­
ponent depended upon the degree of binding. This is illustrated more clearly 
in Fig. 4.2 for the titration of the gene-5 protein with ( d T b j 
It is noted that for steady state measurements the contribution of the fast 
component is very small compared with that of the slow component since the 
total fluorescence is proportional to the surface of the entire decay curves. 
For example, for the free protein dimer the contribution of the fast component 
is 15 % of the total time average fluorescence. This contribution increases in 
the case of the protem-polynucleotide complex as a result of the quenching of 
the slow component. Further analysis and possible interpretations of the 
change in fluorescence decay curves upon protein complex formation are out­
side the scope of this chapter. 
4.4b Fluorescence depolansation measurements 
An example of the decay of the fluorescence amsotropy of the gene-5 protein 
is presented m Fig. 4 l b . The time dependence of the fluorescence depolan­
sation signal of the free protein can be described by [141] 
A ( t ) = A(0) e " ^ * (4.4) 
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Figure 4.2. Amplitudes A, (•) and Ар (·) (see Eq. 4.3) of the slow (t·, = 2.2 
ns) and fast (τ^ = 0.8 ns) fluorescence decays of the protein as a function 
of the ratio of the concentration of (mono)nucleotides and protein monomer 
obtained upon titration of ( d T ) ^ with gene-5 protein. The ( d T ) ^ concentra­
tion was kept constant at 67.93 yM throughout the titration. The decay curves 
were analysed according to Eq. 4.3. 
where A(O) is the zero time anisotropy and Φ is the rotational correlation time 
of the protein. For globular particles 
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*
 = f r o t V h л / KT (4.5) 
where Vu is the hydrated partiele volume, η is the viscosity of the sample 
and f . is the relative rotational friction coefficient, which is a measure for 
the deviation from sphericity. For spherical molecules f
 t = 1. The hydrated 
3 -1 specific volume of a typical protein is about 1 cm g , therefore V. = M / 
23 3 
(6x10 ) cm . For dilute protein samples one can take the viscosity of water 
at the temperature used (1.002 cpoise at 20 0 C ) . The theoretical rotational 
correlation time for a spherical protein with the same mass as the gene-5 pro­
tein dimer (M = 19378 g mol" ) then is 0(20 0 C ) = 8.00 ns. Actual measure­
ments of the fluorescence decay of the gene-5 protein (see Fig. 4.1b) yield Φ 
= 12.9 ns at 79 μΜ and 15.4 ns at 840 vM protein concentration. At the low 
concentration this results m a rotational friction coefficient of 1.61. The 
higher value of 15.4 ns at 840 μΜ is interpreted to arise from protein aggre­
gation. 
The effect of salt concentration on protein aggregation was also studied. 
Only a small increase of φ was found. At a protein concentration of 39 μΜ * 
increased from 12.9 ns at 50 mM NaCI to 14.8 ns at 1.9 M NaCI. The increase 
of sample viscosity will be the main cause for this effect. At a protein con­
centration of 840 μΜ these values were 15.4 ns and 24.5 ns respectively. We 
conclude that at these protein concentrations a considerable amount of protein 
tetramers will be present in solution at 1.9 M NaCI. 
4.4c Titration experiments 
The effect of complex formation between the gene-5 protein and (dT)g, 
( d T U j , ( d T ) , g or M13 DNA on the rotational correlation time was studied by 
measuring the fluorescence depolarisation as a function of the nucleotide pro­
tein ratio, N/P, at constant nucleotide concentration. Each individual 
fluorescence titration point was measured with a freshly prepared sample to 
avoid artifacts due to protein irradiation damage. Within experimental error 
the time dependence of the fluorescence anisotropy could be fitted with a sin­
gle exponential. The fluorescence lifetime of tyrosine residues is relatively 
short (see Fig. 4.1a) / thus a relatively small "window" is available for measur-
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Figure 4 3 Rotational correlation times, Φ, of gene-5 protein/nucleotide mix­
tures as a function of N/P, the ratio mononucleotide/protein monomer, obtained 
at 20 0C The nucleotide concentration (expressed in mononucleotides) was kept 
constant during the titration at 70 43 μΜ (dT) 8 (o), 67 93 yM (dT) 1 2 (·), 
59 72 μΜ (dT) 1 8 (o) or 70 47 μΜ M13 DNA (•) The broken line for the M13 DNA 
curve at higher N/P values indicates high values of ψ The exact values cannot 
be determined because of the fast decaying protein fluorescence For compari­
son also results are given for the binding of the Pfl protein to (dT),, 
(adapted from [84]) at a constant protein concentration of 18 9 yM (- - - -) 
m g the fluorescence depolansation. In practice this means that, for the ex­
periments described in this paper, only rotational correlation times smaller 
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than about 50 ns can be measured with reasonable accuracy. During the 
titration experiments protein complexes with different molecular weights are 
present in solution. This means that the measured single exponential is char­
acterised by an effective correlation time. The dependence of this correlation 
time upon the N/P ratio is presented in Fig. 4.3. The 0 values of the com­
plexes formed between the gene-5 protein and ( d T ) « , ( d T ) ^ o r (dT),» pass 
through a maximum when the N/P ratio is increased. Subsequently, at higher 
N/P values φ gradually decreases to 13.7 ns for all oligonucleotide complexes 
studied, which is a slightly higher value than that obtained for the free pro­
tein. This is m contrast to earlier experience with the Pfl DNA-binding pro­
tein [ 8 4 ] , for which Φ f irst increases and then reaches a constant value for 
the higher N/P ratios. For reasons of comparison the rotational correlation 
time obtained upon titration of the Pfl-DNA binding protein with ( d T b g is 
added in Fig. 4.3. Upon titration of the M13 gene-5 protein with M13 DNA 
large φ values are obtained at higher N/P ratios (indicated by the dashed line 
in Fig. 4 . 3 ) . Because of the small window inherent to tyrosyl fluorescence 
depolansation, Φ values could not be quantified in this situation. 
In one case, namely for the complex formation of the gene-5 protein and 
( d T K g , the reverse experiment, i.e. a titration where nucleotide is added to 
a protein solution at constant protein concentration, was performed. Within 
experimental error the same results were obtained for the N/P dependence of 
the depolansation decay as for the titration experiments described above. 
4.5 DISCUSSION 
The most surprising finding of the present experiments is that the effective 
rotational correlation times obtained for the oligonucleotide gene-5 protein 
complexes pass through a maximum for increasing N/P ratios and return to a 
value close to that obtained for the free protein. This is in contrast to the 
results obtained for the gene-5 protein M13 DNA complexes, for which φ does 
not decrease to the free protein value at high N/P ratios and is also in con­
trast to the results obtained for the Pfl DNA binding protein complexes 
formed with oligo- and polynucleotides. A qualitative and straightforward ex­
planation for these observations is as follows. For low N/P ratios the protein 
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is present in excess and the effective correlation time corresponds to that of 
the free protein. When the N/P ratio is raised, the concentrations of the 
gene-5 protein DNA complexes increase, i.e. particles with a longer rotational 
correlation time contribute to an increase of the effective correlation time. 
This process continues until, roughly speaking, the equivalence point of 
about three (oligo(dT)) or four (M13 DNA) mononucleotides per protein mol­
ecule are present in solution. Then for increasing N/P values, i.e. for ex­
cess nucleotide concentrations, a redistribution of the protein molecules among 
the DNA strands takes place when the cooperativity factor is not of sufficient 
magnitude. Subsequently, one protein dimer per DNA strand will be found for 
high N/P values. This is the situation for the gene-5 protein oligo(dT) com­
plex formation. For high values of the cooperativity factor a redistribution of 
the DNA binding protein among the different DNA lattices will not take place 
or will do so to a much lesser extent Hence, to a first approximation only 
DNA strands fully occupied by protein and naked DNA strands will be pres­
ent in solution. This situation is exemplified by the experiments conducted for 
the Pfl DNA binding protein (Fig. 4.3 and [ 8 4 ] ) . 
To obtain a better insight into the role of the cooperativity and the effect of 
the fluorescence lifetime on the measured effective correlation time, model cal­
culations were performed for the complex formation between a single strand 
DNA binding protein and a nonanucleotide. It was assumed that the intrinsic 
с 
binding constant of the protein molecule to the oligonucleotide amounts to 10 
M~ and that the number of nucleotides covered by one protein molecule 
equals three. The calculations were performed for a total protein 
concentration of 100 μΜ. 
In general, the fluorescence depolansation for a (slowly) exchanging system 
in equilibrium is given by 
A ( t ) = £| Α,ίΟ) f, e"* 7 *! (4 G) 
where A (0) is the zero time anisotropy, Φ is the rotational correlation time of 
complex ι and f is the fraction of the protein present in complex ι. During 
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the titration process, complexes of the type SP, SP, and SP, can be formed 
between the nonanucleotide strand, S, and the protein, P. Therefore, for the 
case at hand ι may vary from 0 (i.e. free protein) to 3. For practical pur­
poses Eq. 4.6 can be simplified to 
A ( t ) = A(0) Σ, fj е" *і (4.7) 
because it turned out (not shown) that for the gene-5 protein/oligo(dT) sys­
tems the zero-time anisotropy varied to a limited amount (maximum total de­
crease was only 14 % throughout the titration). Theoretical curves for the 
rotational correlation time, Ф, as a function of the N/P ratio can now be simu­
lated as follows. First, A ( t ) (Eq. 4.7) is calculated with the following input 
parameters. The fraction, f , of the protein present in the particle of type ι, 
is calculated from a combination of the law of mass conservation and expres­
sions for the binding constants obtained from Epstein's theory [87] for the 
binding of a hgand to an oligonucleotide as a function of oligonucleotide con­
centration. The rotational correlation time φ was assumed to be 10 ns, 12 ns, 
22 ns and 32 ns for ι = 0 to 3, values which are thought to be close to those 
expected for complexes between the gene-5 protein and a nonanucleotide. 
Combination of these different parameters allows a calculation of the anisotro­
py A ( t ) as a function of time, using Eq. 4.7, and as a function of nucleotide 
concentration. Subsequently the effective rotational correlation time is calcu­
lated by fitting a mono-exponential function to the curve calculated for A ( t ) . 
The values thus found for the effective rotational correlation time as a func­
tion of the nucleotide protein ratio are plotted in Fig. 4.4; three different 
situations are presented. Curve (a) represents the results of a calculation m 
which the cooperativity factor was assumed to be unity ( i .e. no cooperativi-
t y ) . For this situation a square-window parameter of 7 ns was used. The 
window parameter is equal to the time interval in which the mono-exponential 
is fitted to the decay curve. In practice this is determined by the fluores­
cence lifetime. It is seen that the effective rotational correlation time goes 
through a maximum as expected. When this situation (absence of cooperativi­
ty is compared with the situation of high cooperativity (ω = 500), with the 
same window of 7 ns, curve (b) is obtained. Again the effective rotational 
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Figure 4.4. Rotational correlation times calculated for a single strand DNA 
binding protein as a function of N/P, the ratio mononucleotide/protei'n mol­
ecule, for binding to nonanucleotides. It was asssumed that one protein mol­
ecule covers three nucleotides when bound to the DNA. The rotational correla­
tion times employed in the calculation are 10, 12, 22 and 32 ns for the free 
protein and the complexes SP, SPp and SP, respectively, where S denotes the 
nonanucleotide strand and Ρ the protein. The protein concentration was kept 
constant at 100 μΜ. An intrinsic binding constant of 10 M and different 
values of the cooperativity parameter were used in the calculations. The φ 
values were obtained through a one-exponential fit to the simulated anisotropy 
decay curves for (a) a cooperativity constant ω = 1 and window = 7 ns, (b) ω = 
500 and window = 7 ns, and (c) ω = 500 and window = 60 ns (see text). 
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correlation time passes through a maximum but does not decrease to the low 
values of Φ observed in absence of cooperativity for high values of N/P. The 
sharp maximum is higher than in absence of cooperativity and is located ex­
actly at N/P = 3, corresponding to the binding stoichiometry of the system. 
Finally, we consider again a situation with ω = 500 but now with a window of 
60 ns. This yields curve ( c ) , in which φ exhibits a sharp maximum located at 
N/P = 3. At increased values of N/P, φ diminishes but not as much as for 
curve ( b ) , this is caused by the increase of the window parameter. Also 
under the conditions valid for curve ( c ) , the convex downward character of 
curves (a) and (b) at lower N/P ratios has disappeared. This is the conse­
quence of fitting a mono-exponential function to the actual decay curves (Eq. 
4 . 7 ) . In particular at low N/P values, where the amplitudes of the more 
slowly decaying components are small, small windows will overemphasize the 
contribution of the fastest decaying component (in our case the free protein) 
giving rise to convex downward curves. This situation does not occur when 
application of larger windows is possible as is demonstrated by curve ( c ) . 
It is noted m passing that in view of the assumptions made quantitative 
agreement between the experimental and the theoretical results is not to be 
expected. However, the model calculations account for the most important 
features observed for the effective rotational correlation time of the gene-5 
protein and the Pfl protein (Fig. 4 . 3 ) . For gene-5 protein binding to the 
oligonucleotides and M13 DNA convex downward curves are observed at low 
N/P ratios. This effect can now be attributed to the small window available 
for the description of anisotropy decay curves, which is brought about by 
the relatively short fluorescence lifetime of the tyrosine residues. The trypto­
phan in the Pfl protein has a longer fluorescence lifetime (7.75 ns for the 
free protein dimer and 6.52 to 7.42 ns in the complex form [84]) so that a 
much larger window is available for the description of the anisotropy decay 
curves. As a result, at low N/P ratios the curve for the Pfl protein is not 
convex downward (Fig. 4 . 3 ) . The cooperativity factor for Pfl protein DNA 
binding is = 100 [84] and as expected at higher N/P values no decrease in φ 
values is observed (Fig. 4 . 3 ) . The small maximum observed for curve (c) 
(Fig. 4.4) is not found for the Pfl protein. There may be several reasons for 
this. First, the appearance of the maximum is model dependent in the sense 
that the form of the maximum strongly depends on the values of the chosen 
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binding parameters. Secondly, a small maximum as observed in curve (c) 
(Fig. 4.4) may easily be missed in an actual experiment. Thirdly, curve (c) 
has been calculated assuming that the A values (Eq. 4.6) are more or less 
equal, which is not applicable to the Pfl protein [84]. 
As has been mentioned above at high N/P ratios and high values of the coop­
erativity parameter, ω, the magnitude of the available window may influence to 
some extent the calculated Φ values (Fig. 4 . 4 ) , but we have no experimental 
material available to check these predictions. For low values of ω and high 
N/P ratios the situation is dramatically different. The 0 values decrease sig­
nificantly and from the model calculations we may conclude that for the gene-5 
protein oligo(deoxythymidine) complexes the binding cooperativity (corre­
sponding with a binding mode of η = 2 to 3 (vide infra)) has decreased by 
about two orders of magnitude. Another interesting feature observed m the 
calculated curves in Fig. 4.4 is the position of the maxima, which fall at a 
ratio N/P = 3. This is just the number of nucleotides assumed in the calcula­
tions to be covered by the protein. In particular for high values of ω and 
small window parameters the φ curve (starting from low N/P ratios) asymptoti­
cally approaches N/P values corresponding to the binding stoichiometry (Fig. 
4 . 4 ) . Returning to Fig. 4.3 we see that the Φ curve obtained for the titration 
of M13 DNA with gene-5 protein approaches a maximum at N/P = 4. According 
to the theoretical calculations discussed above this indicates that the binding 
stoichiometry for this complex is four, in very nice agreement with the re­
sults of our earlier fluorescence titration experiments [37,Chapter 3 of this 
thesis] and experiments of other investigators [17,29,33,35,59,63]. The re­
sults obtained for the gene-5 protein oligo(dT) systems are dramatically dif­
ferent. Judged from the location of the maximum in the φ curves (Fig. 4.3) 
the number of nucleotides covered by a protein monomer is between 2 and 3. 
Although these conclusions are necessarily of a qualitative nature they beauti­
fully confirm the conclusions from our earlier NMR studies on oligo(dA) sys­
tems [67,69]. Hence it is now well established that the gene-5 protein may 
bind m different binding modes, which give rise to different binding coopera-
tivities. The decrease m the number of clustered proteins on the lattice in 
the case of excess of nucleotides clearly demonstrates that there is a competi­
tion between the effect of the cooperativity factor and the number of ways a 
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set of protein dimers can bind to a DNA lattice (entropy factor). The detailed 
molecular interpretation of this phenomenon awaits further investigation. In 
this respect we mention that it has been found recently that even for the 
binding of the gene-5 protein to polynucleotides under certain circumstances 
an η = 3 binding mode may occur [143,144]. As an interesting aside it is 
noted that the fluorescence depolansation experiments presented in this chap­
ter provide the first direct experimental evidence for a redistribution of pro­
tein over the DNA lattice at high lattice concentrations as predicted by the 
McGhee and Von Hippel theory [71] and by the theory of Epstein [ 8 7 ] . 
4.6 APPENDIX 
In the theoretical calculation of the rotational correlation times the fraction f 
of the protein present in complex ι served as an input parameter (of Eq. 
4 . 7 ) . Below we indicate the derivation of these parameters. First consider the 
equilibrium 
S • ιΡ _"* SP, (4.8) 
where Ρ denotes the protein which binds to the nonanucleotide that was used 
as the lattice in our model calculations. It is assumed that in the complex the 
protein covers three nucleotides so that ι vanes from 1 to 3. To be able to 
calculate the concentrations of the complexes SP we introduce the intrinsic 
binding constant К
 t , which characterises the complex formation of one pro­
tein to an isolated binding site on the lattice, and the cooperativity constant 
u, which defines the factor by which the binding constant of the protein in­
creases when it binds adjacent to an already bound protein. The binding 
constants for the formation of the different complexes as defined by Eq. 4.8, 
can now be found as follows. The complex SP can be formed in seven differ­
ent ways (the naked lattice has seven binding sites available) so that K, = 7 
K | n t . For the complex SPj there are six different ways to bind two isolated 
proteins and four different ways to bind two proteins adjacent to one an-
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other; hence К* - Kint (6 * 4ω). There is only a single SP, complex possible 
with K3 = Kint 3 (A 
Making use of 
[ S t ] = [S] • I , [SPj] (4.9) 
[ P t l = [P] • Zj i [SPj] (4.10) 
and 
[SPj] = Kj [S] [ P ] 1 (4.11) 
where [S.] and [ P t ] are the total nonanucleotide and protein concentrations 
present in the sample, it is easy do demonstrate that 
[ P t ] = [P] • [ S t ] ( I. i Kj [P] 1 ) / ( 1 • Σ. Kj [P] ' ) (4.12) 
Given [ P t ] , [S.] and Kj (see t e x t ) , [P] and subsequently [S] and [SPj] can 
be calculated which in turn yield the f- values. The f- values so obtained 
were used in Eq. 4.7. 
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Chapter 5 
THE KINETICS OF THE DISSOCIATION 
OF GENE-5 PROTEIN - POLYNUCLEOTIDE COMPLEXES 
UPON ADDITION OF SALT 
5.1 ABSTRACT 
The irreversible dissociation kinetics of complexes of M13 encoded gene-5 pro-
tein with the polynucleotides poly(dA) and M13 DNA was studied by means of 
stopped-flow experiments. A linear decay was found for all gene-5 protein -
poly(dA) complexes and for the gene-5 protein - M13 DNA complexes for 
which the lattice was completely saturated at the beginning of the dissociation 
experiments. Only at the end of the dissociation curve a deviation from lin-
earity was observed. A single-exponential decay was found for the dissocia-
tion of gene-5 protein - M13 DNA complexes when the DNA was not completely 
saturated initially. These results obtained for complexes of gene-5 protein 
with poly(dA) or with M13 DNA could be interpreted by assuming that disso-
ciation of bound protein is only possible from isolated binding sites, while 
during this dissociation rearrangement of bound protein clusters continuously 
takes place, including the formation of newly isolated bound protein. It is 
not a condition that during this process a lattice equilibrium exists according 
to the theory of McGhee and Von Hippel [71]. 
The binding of gene-5 protein to poly(dA) or poly(dT) does not result in a 
broadening of the nucleotide resonances in the NMR spectra of these polynu-
cleotides, as had been observed for E. coli DNA binding protein and inter-
preted as an indication for a high rate of translocation of the protein on the 
polynucleotide [145]. The reason for the absence of line broadening for 
gene-5 protein - polynucleotide complexes, though the stopped-flow experi-
ments also point to a fast translocation of the protein, is found in the large 
binding cooperativity in this case. As a consequence of this the major part of 
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the protein is bound m a cluster which makes the concentration of isolated 
bound protein very low. This results in a decrease of the signal to noise ra-
tio at higher degrees of binding, but does not lead to line broadening. 
5.2 INTRODUCTION 
For a complete understanding of the molecular details of protein - nucleic acid 
interactions it is necessary to have kinetic as well as equilibrium data avail-
able, since not only the binding strength but also the dynamics of the inter-
action may be important for its biological function. More specifically, in the 
case of the gene-5 protein - DNA interaction it is obvious that the thermody-
namic characteristics of the binding alone cannot fully explain the role of the 
protein in the phage DNA replication cycle. For, as a consequence of the 
high cooperativity of the binding [37, chapter 3 of this thesis] a small change 
m the gene-5 protein concentration is sufficient to switch between an all or 
none binding to the viral single strand DNA. Since the binding of the protein 
inhibits the formation of new replicative form (RF) DNA this would lead to an 
abrupt termination of the replication process upon increasing protein concen-
tration. However, it is known that the switch from RF replication to single 
strand DNA synthesis and phage assembling occurs more gradually in vivo 
[146]. To overcome this difficulty the dynamics of the gene-5 protein - DNA 
binding has been taken m consideration. According to Shimamoto and Utiyama 
[59] at an early stage of infection, the host encoded single strand binding 
(SSB) protein binds to the viral DNA, and RF synthesis takes place. After 
the formation of a small amount of gene-5 protein some of the SSB proteins on 
the viral DNA will be replaced by gene-5 proteins and this will result in the 
formation of a small amount of single strand viral DNA. Later on in infection, 
when the pool of gene-5 proteins has grown, a complete switch to single 
strand DNA synthesis occurs. However, this switch can only take place if the 
supply of gene-5 protein is fast in relation to the rate of growing of the sin-
gle strand DNA (1000 nucleotides s ) [11]. Because of possible binding site 
overlap a redistribution of the bound gene-5 proteins is necessary to obtain 
complete saturation. A mechanism of dissociation of isolated bound proteins 
followed by an association contiguous to already bound proteins could describe 
such a redistribution. However, a faster and more efficient redistribution re-
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sui t ing in a fast saturation of DNA with gene-5 protein would be provided by 
the rearrangement of complete protein clusters [ 59 ] . 
To obtain experimental evidence for such a fast rearrangement, facil i tated by 
translocation (sl iding) of the protein along the nucleotide latt ice, Pbrschke 
and Rauh [35] and Shimamoto and Utiyama [59] studied the association of 
gene-5 protein with certain polynucleotides by means of the stopped-flow 
technique. Because of the dif ferent mechanisms involved in the association 
process, i .e. nucleation, growth and rearrangement coupled with dissocia-
t ion , it is d i f f icu l t to explain these results unambiguously. For example, 
Po'rschke and Rauh had to use Monte Carlo simulations to obtain rate con-
stants for the gene-5 protein - po ly(dT) and for the gene-5 protein -
po ly( rA) association reactions. Despite these dif f icult ies the studies mentioned 
above suggest some fast facilitated mechanism for the redistr ibut ion of gene-5 
prote in. 
A di f ferent approach for the detection of some fast translocation process has 
been used by Lohman for the interaction of T4 encoded gene-32 protein with 
DNA [92,94,96]. He studied the kinetics of the dissociation of protein - DNA 
complexes with the stopped-flow technique. The dissociation of the complexes 
was induced by NaCI concentration jumps. Due to the high value of the coop-
erat iv i ty factor (around 5000 for gene-32 protein) i t can be expected that 
only dissociation of protein from a cluster end (single contiguously bound 
protein) wil l occur, either direct ly or via sl iding from an isolated bound i n -
termediate. The dissociation of double contiguous molecules from the inter ior 
of clusters is too slow to be important while the concentration of isolated pro-
tein is negligible. For the gene-32 protein - DNA system this model indeed 
turned to work out proper ly : at high NaCI concentration the protein dissoci-
ates direct ly from a cluster end while at low NaCI concentration the dissocia-
tion proceeds via the sliding pathway. Therefore we used the same method in 
order to detect a possible fast rearrangement of gene-5 protein molecules 
along the DNA latt ice. 
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5.3 MATERIALS AND METHODS 
5.3a Materials 
Gene-5 protein was isolated and purified as described previously [60], except 
that during Escherichia coli sonication no DNAse I was added. Concentrations 
of the gene-5 protein were measured using a molar absorption coefficient of 
7100 M cm" at 276 nm. Poly(dA) and poly(dT) were purchased from P.L. 
Biochemicals. The concentrations of the polynucleotides were obtained from UV 
absorption measurements using a molar absorption coefficient for poly(dA) of 
9300 M"1 cm"1 at 260 nm and for poly(dT) of 8700 M"1 cm"1 at 265 nm. The 
poly(dA) was at least 1000 nucleotides long as appeared from an analysis on 6 
% Polyacrylamide gel after phosphate labeling of the polynucleotide. It was 
relatively homogeneous in length and free from low molecular weight species. 
M13 DNA was purified according to Konings et al. [106]; a molar absorption 
coefficient of 7400 M" cm" at 259 nm was used for this polynucleotide. 
5.3b Stopped flow experiments 
Stopped flow experiments were performed at 20 0 C on a modified Durrum 
stopped flow apparatus. Equal volumes of two solutions (100 μΙ each) were 
rapidly mixed in a cell with an optical pathway of 2 cm and a total volume of 
60 yl. The total volume of the mixture (200 μΙ) was more than the cell volume 
of 60 yl, so that in the process the cell was made free from remainings of the 
previous solution. One solution contained 10 mM sodium cacodylate, pH 6.9 
and a gene-5 protein - polynucleotide complex in which the degree of satura­
tion of the polynucleotide was 1.00, 0.75 or 0.50. The second solution con­
tained 10 mM sodium cacodylate, pH 6.9 and sodium chloride to a high con­
centration. The final concentration of the salt after mixing was always high 
enough to be sure that complete dissociation of the complex occurred. The 
final concentrations of the polynucleotide were in the range of 100 to 250 μΜ. 
For the complexes of the gene-5 protein with poly(dA) the dissociation of the 
complex resulted in a hypochromic effect on the nucleotide UV absorption at 
260 nm, due to the formation of base stacking interactions in the free polynu­
cleotide. Therefore the dissociation experiment could be followed by measur-
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mg the UV absorbance. The dissociation process was also followed by 
monitoring the protein fluorescence since the fluorescence intensity of the 
free protein is higher than that of the bound protein. Excitation was per­
formed at 276 nm and the fluorescence was measured at the emission maximum 
of 303 nm. A cut off filter prevented light with a wavelength below 295 nm 
to enter the detector. Both methods gave exactly the same results. In all 
experiments the detected signals were recorded and stored into two transient 
recorders (Biomation) each equipped with a 2 К memory and adjusted to dif­
ferent time ranges to facilitate the simultaneous registration of processes with 
a large difference m rate. The mixing time, i.e. the time between the start of 
the mixing process and the first detection, was 3 to 4 ms. Within this period 
complete mixing was obtained. The data were processed and analysed on a 
Digital PDP 11-23 computer (Mine). First the signals were scaled between 0 
and 1 The curves were smoothed by fitting a seven degree polynomial to the 
experimental points. From the resulting curves the relaxation times were de­
termined. 
The scaled curves obtained from the nucleotide absorbance measurements are 
identical to the curves measured by means of the protein fluorescence, pro­
vided that for the change of the absorbance as well as for the change of the 
fluorescence intensity a linear relationship exists with the amount of free and 
bound protein. Then the observed time-dependent absorbance at 260 nm, 
E ( t ) , equals 
E(t) = (tb [ N b ( t ) ] • e f ( [ N t ] - [ N b ( t ) ] ) ).£ • Ep (5.1) 
in which the total nucleotide concentration and the concentration of nucleotide 
covered with protein are denoted by [Nx] and [ N . ] . I is the optical path 
length. The absorption coefficients of the nucleotide in the free and in the 
complexed form are ε^ and ε, respectively and Ep is a constant resulting from 
the protein absorption at 260 nm. At the end of the dissociation experiment 
[ N b ( - ) ] is zero. The scaled experimental curve is obtained from 
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S(t ) = 1 - ( (E( t ) - E(0) ) / ( E(- ) - E(0) ) (5.2) 
which can be converted using Eq. 5.1 into 
S(t) = [ N b ( t ) ] / [ N b ( 0 ) ] = a( t ) / a(0) (5.3) 
in which a is the fract ion of the nucleotide lattices covered with protein, i .e. 
the degree of saturat ion. An analogous procedure can be followed for the 
measurements in which the fluorescence is used to monitor the dissociation of 
the protein - polynucleotide complex. The observed time-dependent protein 
fluorescence intensity is given by 
F( t ) = Fb [ P b ( t ) ] • F f ( [P t ] - [ P b ( t ) ] ) (5.4) 
In this equation the fluorescence intensity per concentration unit of free and 
bound protein is indicated by F* and F. , while [ P J and [ P . ] are the concen-
trat ions of total and bound protein respectively. The scaled experimental 
curve is then obtained from 
S(t ) = 1 - ( F( t ) - F(0) ) / ( F( - ) - F(0) ) (5.5) 
Using Eq. 5.4 in conjunction with the parameter n, which equals the number 
of nucleotides covered by one protein monomer at complete saturation and with 
[ P b ( « ) ] = 0, Eq. 5.5 can be converted into 
S(t) = [ P b ( t ) ] / [ P b ( 0 ) ] = [ N b ( t ) ] / [ N b ( 0 ) ] = a( t ) / ..(0) (5.6) 
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provided that at t = 0 all the protein present in the solution is bound to the 
polynucleotide. Thus it appears that after scaling, as described for both the 
absorption and the fluorescence measurements, the dissociation curves r e p r e ­
sent the decay of the degree of saturation of the nucleotide. 
5.3c ' H NMR spectra. 
Proton NMR spectra were measured on a Bruker CXP-300 spectrometer, in ter­
faced to an Aspect 2000 computer and operating at 300 MHz in the Fourier 
transform mode. The 90 pulse length was about 7 lis. For each spectrum 
about 1000 transients were accumulated using 4K data points. The samples 
contained 10 mM sodium cacodylate, pH 6.9, and were measured in 99 % Ο,Ο. 
The sample temperature was 22 C. The spectra were not resolution e n ­
hanced. 
5.4 RESULTS 
5.4a Stopped flow measurements of the i rreversible dissociation of gene-5 p r o ­
tein - poly(dA) and gene-5 protein - M13 DNA complexes 
From previous studies performed in our laboratory it has become clear that 
there are large differences in the binding a f f i n i t y of gene-5 protein for v a r i -
lous polynucleotides [37,Chapter 3 of this t h e s i s ] . Among other things th is 
appears from the magnitude of the salt concentration needed to dissociate the 
protein - polynucleotide complexes at a part icular protein concentration. For 
example, for a total protein concentration of 10 μΜ the salt concentration at 
which 50 X of the complex is dissociated amounts to 0.23 M NaCI for poly(dA) 
and 0 44 M NaCI for ΜΊ3 DNA. Poly(dA) can thus be considered as a poly­
nucleotide with a relatively low binding a f f i n i t y for gene-5 prote in. Because 
at a final salt concentration of 0.30 M NaCI or higher almost complete dissoci­
ation is obtained for the gene-5 protein - poly(dA) complex, the dissociation 
process can be studied as a function of the ionic strength in a large salt con­
centration range, including values approaching the physiological s i tuat ion. 
Therefore poly(dA) was chosen as a model for these kinetic studies. Since f o r 
the in v ivo situation the binding to M13 DNA is important also the dissociation 
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of gene-S protein - M13 DNA complexes was followed. In Fig. 5.1A the decay 
curve for the dissociation of the gene-5 protein - poly(dA) complex is given 
for an experiment in which the UV absorbance is used for detection, starting 
at complete saturation. This trace was obtained directly from the data stored 
in the transient recorder. Fig. 5.IB shows the experimental curve after pro­
cessing of the data as described in the Materials and Methods (section 5.3b). 
Through the points a linear decay curve was drawn which represents the 
first 80 X of the measured decay. The results obtained for the same complex, 
but now starting at half saturation, are given in Fig. 5.2 in a similar man­
ner. Also in this case the absorbance was used to monitor the dissociation 
process. Identical curves were observed when the protein fluorescence was 
followed. The dissociation curve in Fig. 5.2 could be described by a linear 
decay for about the first 50 % of the time course. These results are charac-
α 
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Fig. 5.1. Dissociation curve for the complex of poly(dA) and gene-5 protein at 
an initial degree of saturation of 1.0. Dissociation is effected by increasing 
the concentration of NaCl to 2 M. The total nucleotide concentration is 100 
liM. A. Experimental decay curves (absorbance versus time). B. Decay of the 
degree of saturation (a), calculated from (A). The linear curve which fits the 
largest part of the experimental time course is also given. 
(arbitrary units 
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teristic for poly(dA) at all conditions at which the experiments were carried 
out, i.e. at an initial degree of saturation of 1.00, 0.75 or 0.50 and at a final 
salt concentration of 1.00, 0.75, 0.50, 0.375 or 0.25 M NaCI. The length of 
the linear part of the decay curve appeared always to be proportional to the 
initial degree of saturation. This linear part can be represented by 
a(t) = a(0) - kt (5.7) 
in which к is the rate constant of this zero-order process. The rate con­
stants obtained in various experiments are presented in Fig. 5.3 as a function 
of the salt concentration. Within experimental accuracy the rate constant is 
absorbante 
(arbitrary unilsl 
Fig 5 2 Dissociation curve for the complex of poly(dA) and gene-5 protein 
at an initial degree of saturation of 0 5 Dissociation is effected by in­
creasing the concentration of NaCI to 2 M The total nucleotide concentration 
is 1O0 μΜ A Experimental decay of the absorbance B. Decay of the degree 
of saturation (a) and the linear curve which fits a large part of the experi­
mental time course 
- Chapter 5 - 111 
log к 
1 8 
16 
К 
12 
10 
08 
ΟΕ 
au 
02 
-06 -Ol» - 0 2 0 02 
log [NaCl] 
Fig. 5.3. Apparent d issoc iat ion rate constant к as a function of the f i n a l 
sodium chlor ide concentration and the i n i t i a l degree of saturat ion for gene-5 
protein - poly(dA) complexes. All data points are labeled with the corre­
sponding i n i t i a l degree of saturat ion. These points r e f l e c t values averaged 
over about 15 experiments. The f i n a l concentration of poly(dA) amounts 50 yM. 
The data are obtained from absorbance and fluorescence measurements. 
independent of the initial degree saturation of the polynucleotide. It follows 
from Fig. 5.3 that the ionic strength dependence of k, i.e. d log к / d log 
[NaCI] = 0.G8, is rather low compared with the dependence of the intrinsic 
binding constant, K ¡ n t , on the salt concentration: d log K¡ t / d log [NaCI] = 
-4.0 (see [Chapter 3 of this thesis]). 
The results obtained for the dissociation kinetics of gene-5 protein - M13 DNA 
complexes are quite different from those obtained for the poly(dA) complexes. 
M13 DNA exhibits only a linear decay curve when the DNA is initially com-
pletely saturated with protein (a(0) = 1) . However, the rate constant к is 
1
 ' 
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much smaller than for the poly(dA) complex: at 1 M NaCI the relaxation time 
τ = 2.2 s, which means that log к = -0.34, while the corresponding value for 
the poly(dA) complex is +1.07. This makes к about 25 times smaller for M13 
DNA at a(0) = 1 compared with poly(dA) at the same conditions. Moreover 
decay curves are obtained at a(0) values smaller than unity which can be 
described by a mono-exponential funct ion. Values for the relaxation time τ 
thus obtained are 0.56 i 0.04 s at α(0) = 0.75 and 0.42 t 0.02 s at a(0) = 
0.50, both in 1 M NaCI. 
5.4b Effect of b inding of gene-5 protein on the H NMR spectra of polynu­
cleotides 
For the detection of a possible influence of gene-5 protein binding on the 
NMR spectra of polynucleotides, especially concerning the line width of the 
nucleotide resonances, a solution containing the protein was added to a 
poly(dA) or a p o l y ( d T ) solution of 2 mM and spectra were recorded as a 
function of the degree of saturation of the polynucleotides with p r o t e i n . 
These spectra are collected m Fig. 5.4. The spectra at the bottom of th is 
f igure are those of the polynucleotide without prote in. The poly(dT) spectra 
( r i g h t ) contain the resonances of the base H6 proton (7.50 ppm), the H I ' 
proton (6.08 ppm), the H3' proton (obscured b y the residual water peak at 
4.7 ppm), the H4 , , H57H5" protons at 3.98 to 4.16 ppm, the H27H2" protons 
at 2.17 to 2.37 ppm, the methylproton at 1.73 ppm and a buf fer peak at 1.55 
ppm. The poly(dA) spectra (on the left) show the resonances of the H8 p r o ­
ton at 7.77 ppm, the H2 proton at 7.19 ppm, the H I ' proton at 5.41 ppm, the 
H4', H5'/H5" protons around 4 ppm, the H27H2" protons at 2.15 to 2.31 ppm 
and a buffer peak at 1.55 ppm. It is obvious that these resonances are 
hardly broadened by addition of prote in. However, a strong decrease of the 
signal to noise ratio is observed at higher protein concentration (see F ig. 
5.4B-E). At a degree of saturation of the nucleotide with protein of 0.77 
(F ig. 5.4E) the nucleotide resonances have disappeared completely from the 
spectrum and only the buffer peak at 1.55 ppm and some protein resonances 
are visible. 
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Fig. 5.4. Proton NMR spectra at 300 MHz of poly(dA) ( l e f t ) and poly(dT) 
( r i g h t ) to which gene-5 protein is added For the poly(dA) spectra the degree 
of saturat ion is equal to (a) 0, (b) 0 29, ( c ) 0.49, (d) 0 63 and (e) 0 78, 
and for the poly(dT) spectra (a) 0, (b) 0 24, ( c ) 0 50, (d) 0 64 and (e) 0.77. 
5.5 DISCUSSION 
The most remarkable difference between the dissociation kinetics of complexes 
of gene-5 protein with M13 DNA and poly(dA) is the occurrence of zero-order 
kinetics for the poly(dA) complex at all initial degrees of saturation studied, 
while for the M13 DNA this zero-order kinetics is only observed when the 
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degree of saturation equals unity. At smaller a(0) values the M13 DNA 
complex displays a single-exponential decay. The latter dissociation behaviour 
is m fact similar to that reported by Lohman [94] for complexes of T4 
gene-32 protein with various homopolynucleotides. The dissociation kinetics of 
these complexes could be explained by a model m which the dominant mode of 
dissociation is the release of single contiguously bound prote in, i.e dissocia­
tion from the ends of protein clusters, while at the same time it is assumed 
that no redistr ibut ion of bound protein takes place d u r i n g the dissociation 
process. It was assumed [94] that the absence of redistr ibut ion is confirmed 
by the observation of zero-order kinetics in the dissociation experiments at 
o(0) = 1, b u t , as we shall show below, this conclusion does not hold univer­
sally. In the model developed by Lohman [101] the following equations are 
used to describe the dissociation time course provided that the cooperativity 
of binding is high enough (ω = 500 or l a r g e r ) , which is valid for gene-32 
protein binding as well as for gene-5 protein b ind ing. At initial complete sat­
uration the concentration of cluster ends is twice as large as the concentra­
tion of polynucleotide molecules, so that the rate of the dissociation is given 
by 
- ( d / d t ) [ P b ] = 2 k s [ С Ц ( 0 ) ] = 2 k s [ P b ( 0 ) ] ( n / M ) (5.8) 
which leads to 
[ P b ( t ) ] - [ P b ( 0 ) ] - 2 k s [ P b ( 0 ) ] ( n / M ) t (5.9) 
where [ С Ц ( 0 ) ] is the total concentration of protein clusters at time zero, к 
is the rate constant for the dissociation of single contiguously bound protein 
from a cluster end, [Pi,] is the concentration of bound prote in, η is the num­
ber of nucleotides occluded by the protein and M is the number of nucleotides 
which form one polynucleotide chain. Eq. 5.9 shows indeed the linear rela­
tionship between the amount of bound protein and the time (cf . Eq. 5.7) . At 
a(0) values smaller than uni ty the time course for the dissociation of bound 
protein is given by 
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-(d/dt) [ Р
ь
] = 2 k s (1 - Р ( 0 ) ) [ Р Ь ] (5.10) 
where (1 - p ( 0 ) ) represents the fraction of cluster ends which are present 
initially [94,101]. The dissociation processes which can be described by Eq. 
5.10 give rise to single exponential decay curves. Fig. 5.5 gives the dissoci­
ation curves calculated according to the Loh ma η model for the gene-5 protein 
- M13 DNA complexes with η = 4 and a cooperativity factor of ω = 500. It is 
clear that a linear decay is only observed for a(0) = 1. If this line (a) is 
taken to represent the experimental straight line for a(0) = 1 with an ob­
served linear decay time of 2.2 s, then the experimental curve observed for 
<x(0) = 0.75 with an exponential decay time of 0.56 s is given by curve ( b ) . 
Comparison with the calculated curve (c) for a(0) = 0.75 reveals that the ac­
tual dissociation of the complex proceeds much slower than the Lohman model 
predicts. This means that this model is not applicable to the dissociation ki­
netics of gene-5 protein - M13 DNA complexes at a(0) values below unity. 
The dissociation of gene-5 protein - poly(dA) complexes is characterized by 
linear decay curves also at a(0) smaller than 1. This behaviour cannot be 
understood from Lehman's model unless the value of the cooperativity factor is 
so high that the protein is always bound m one cluster per nucleotide chain, 
even at a low degree of saturation of the polynucleotide. However, for gene-5 
protein ω is about 500 and is therefore much smaller than the cooperativity 
factor of the gene-32 protein (between 2000 and 10,000), for which the Loh­
man model has proved to be valid [94]. A simple explanation for the behav-
viour of gene-5 protein complexes could be the occurrence of a reorganisation 
of bound protein clusters during the dissociation process. Then Lohman's 
condition of absence of redistribution is not fulfilled. If we assume thatthis 
rearrangement is a very fast process, so that at each moment an equilibrium 
exists for the distribution of the bound protein over the lattice in accordance 
with the theory of McGhee and Von Hippel [ 7 1 ] , then we can use Epstein's 
theory [93] for the construction of the irreversible dissociation curves. For 
the gene-5 protein complex (n = 4 and ω = 500) these are given in Fig 5.6. 
In Epstein's model the dissociation of isolated bound protein molecules is pre­
dominant, especially at a low degree of saturation where they are present in 
sufficient amount, because their binding constant is about 500 times weaker 
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Fig 5 5 Dissociation curves according to the non redistribution dissocia­
tion model, given by Lohman [94], see text These curves are calculated using 
Eqs 5 16 and 5 17, with π = 4 and ω = 500 The curves which are experimen­
tally obtained for the dissociation of gene-5 protein - M13 DNA complexes are 
also added A linear time constant of 2 2 s was found for the experiment in 
which o(0) = 1 and the corresponding curve was rescaled in order to make 1t 
coincide with the curve (a) calculated according to the Lohman model A mono 
exponential curve was measured at a(0) = 0 75 with a time constant of 0 56 s 
This curve (b) was rescaled identical to the rescaling procedure for curve 
(a) The curve (c) is the mono exponential curve calculated with the Lohman 
model at a(0) = 0 75 
than for single contiguously bound molecules. Therefore the curves in Fig. 
5.6 show in the beginning of the dissociation process only a very slow decay, 
especially at a(O) values close to unity. When the dissociation proceeds its 
rate drastically increases. So in this case no linear decay curves can be ob-
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tained. This makes the Epstein model, in which an infinitely fast 
redistribution is assumed, not applicable for the description of the 
dissociation of gene-5 protein - poly(dA) complexes. 
Fig. 5.6. Dissociation 
curves according to the 
IELE (Instantenous Es­
tablishment of Lattice 
Equilibrium) dissoci­
ation model, given by 
Epstein [ 9 3 ] , see text. 
Relevant parameters are 
the same as those taken 
in Fig. 5.5, i.e. η = 4 
and и = 500. 
00 05 10 15 к, t 
However, as will be shown now, it is still possible to explain the behaviour of 
the dissociation kinetics in this case from the occurrence of a redistribution 
of bound protein during the dissociation, if the following assumptions are val­
id: (1) the dissociation of bound protein is only possible from isolated binding 
sites. The dissociation of single or double contiguously bound protein is too 
slow to be detectable. (2) The rate of the association reaction is very low and 
can be neglected with respect to the dissociation rate. (3) During the dissoci­
ation rearrangement of bound protein clusters continuously takes place includ­
ing the formation of newly isolated bound protein i.e. clusters consisting of 
only one protein molecule. (4) A steady state situation is reached in which 
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the concentration of isolated bound protein is constant in time. This steady 
state situation does not occur at the beginning or at the end of the dissocia­
tion time course 
For the description of the total process then two successive equil ibria are 
important. First we consider the redistr ibut ion of clusters of size q , CL . In 
this process a cluster of size one, C L , , is formed (forward reaction with rate 
constant к ) or bound to a larger cluster (backward reaction with rate con­
stant k_.: 
k r 
x С Ц • Σ » 2 C L q S (x*1) С Ц * Σ » 2 C L q · (5.11) 
Irrespective of the value of χ ( i . e . the number of isolated bound protein mol­
ecules per nucleotide chain, which is not necessarily the same for each poly­
nucleotide) the net reaction can be wr i t ten as 
k r 
v 
P, • D' (5.12) 
m which Ρ equals C L , , the isolated bound p r o t e i n . D is used as a notation 
for Σ CL (q = 2, 3, . . < » ) . Secondly, dissociation of isolated bound protein 
molecules as well as association of free protein molecules (РЛ with S may 
occur, where S is an empty binding site which is not contiguous to a bound 
protein molecule. This p a r t of the process can be described by 
k
, 
p
, J* p f * S, (5.13) 
k
, · 
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in which kj and k- are the dissociation and association rate constants. In the 
steady-state approximation the time-dependent changes of [D] and [P,] or 
[Pu] are equal: 
- (d /d t ) [D] = - (d /d t ) [Pj] = - (d /dt ) [Pb ] (5.14) 
Furthermore it follows from Eqs. 5.12 and 5.13 that 
- (d /d t ) [D] = k r [D] - kp. [D'JtPj] (5.15) 
- (d /d t ) [Pj] = kj [P¡] - k¡. [PfHSj] (5.IG) 
Combination of these three equations yields 
- (d /d t ) [P b ] = (k p kj [D] ) / (k¡ + k r . [D ' ] ) (5.17) 
According to criterion number 2 (see above) the association rate constant к . 
is assumed to be zero. Subsequently we consider the dissociation reaction and 
assume that the rearrangement is fast compared with the dissociation, i.e. 
kp'lD'] » kj. Hence Eq. 5.17 can be converted using k r / k r. = [D'HPj] / 
[D] (see Eq. 5.12) into 
- ( d / d t ) [ P b ] = ( k ^ j f D ] ) / ( k r . [ D ' ] ) (5.18) 
or 
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(d/dt) α = (d/dt) n [ P b ] / [ N t ] = - k ^ f P , ] / [ N t ] (5.19) 
From Eq. 5.19 the features which characterize the dissociation time course of 
complexes of gene-5 protein with poly(dA), as described in the Results sec­
tion, can be easily explained. 
Since the system finds itself m a steady state situation [P ] is constant which 
means that the reaction rate is also constant and the reaction is zero order, 
as found for the dissociation reaction of gene-5 protein complexes with 
poly(dA). The breakdown of the steady state approximation m the last stage 
of the dissociation, resulting m a deviation from linearity, has also been ob­
served (see Figs. 5.1 and 5 . 2 ) . The invalidity of the steady state approxi­
mation in the first part of the dissociation process of these complexes will 
result in a non-linear decay of the curves in the beginning of the dissocia­
tion. However, this effect cannot be observed experimentally due to the dead 
time of the stopped flow apparatus. 
The steady state condition that [P ] does not alter during the dissociation 
process, i.e. upon lowering the degree of saturation of the nucleotide lattice 
with protein, implies that the dissociation rate is also independent on the ini­
tial degree of saturation, see Eq. 5.19. This has indeed been found for 
gene-5 protein - poly(dA) complexes (see Fig. 5 . 3 ) . Therefore this result is 
an indication of the validity of the assumptions made above. 
It follows from the discussion conducted sofar that neither with Lehman's nor 
with Epstein's model the dissociation behaviour of the gene-5 protein - M13 
DNA complexes can be described. The dissociation kinetics of these complexes 
could only be explained from Lohman's non-redistribution model at o(0) = 1. 
At lower a(0) values this model failed to describe the time course properly. 
However, the redistribution model outlined above may also account for the 
dissociation kinetics of these complexes at a(0) values smaller than or equal to 
unity. To this end we have to take into consideration the observation that the 
value of the equilibrium constant for the binding of a gene-5 protein to M13 
DNA depends on the base composition of the sequence to which it is bound 
(see Chapter 3 of this thesis). Because the binding of gene-5 protein to 
poly(dT) is much stronger than for example to poly(dA) it can be expected 
that binding to sequences rich in thymidines is very tight compared with the 
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binding to stretches rich in adenines. As a consequence the redistribution of 
bound ligands will now be much slower than for the gene-5 protein -
poly(dA) complexes. Hence the assumption that the rearrangement is fast 
compared with the dissociation reaction (k >[D'] » к ) , which is used to de­
rive Eq. 5.19, may no longer hold. On the contrary, if к .[D'] « к , which 
means that the rearrangement is much slower than the dissociation itself, then 
Eq. 5.17 transfers to the following expression: 
- ( d / d t ) [D] = - ( d / d t ) [ P b ] = k r [D] (5.20) 
At a(0) - 1 (no empty binding sites) the rearrangement is very slow and the 
dissociation follows the kinetics described by Lohman. At a(0) < 1 Eq. 5.20 
predicts the exponential decay which was found experimentally for the disso­
ciation of gene-5 protein - M13 DNA complexes. The relaxation times found in 
this situation (τ = 0.56 ± 0.04 s at o(0) = 0.75 and τ = 0.42 i 0.02 s at ο(0) 
= 0.50, both m 1 M NaCI) have to be interpreted according to Eq. 5.20 as 
the redistribution relaxation time к " . This indicates that the rate of the 
rearrangement indeed increases upon lowering the initial degree of saturation. 
In summary it appears that a dissociation model m which the protein is as­
sumed to dissociate from isolated sites on the polynucleotide chain, accompa­
nied by a redistribution of the bound protein, can account for the 
dissociation kinetics of the complexes of gene-5 protein with poly(dA) as well 
as M13 DNA without regard to the initial degree of saturation. This model 
does not include the restriction of the existence of a lattice equilibrium ac­
cording to the theory of McGhee and Von Hippel [71] at any moment during 
the dissociation, as has been introduced in the model of Epstein. The redis­
tribution indicates that a translocation takes place along the chain, like slid­
ing, i.e. a one dimensional diffusion along the lattice and (or) hopping, i.e. 
microscopic dissociation and association to correlated areas of the backbone. It 
can be noted that the kinetic experiments with gene-5 protein and fd DNA, 
performed by Shimamoto and Utiyama [59] have provided evidence for the 
correctness of the assumption that dissociation of bound protein most likely 
occurs from isolated sites. The difference between the dissociation kinetics of 
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gene-32 protein complexes (Loh ma η model) and gene-5 protein complexes might 
be caused by the difference in the magnitude of the cooperativity factor, i.e. 
ω = 500 for gene-5 protein and ω = 5000 for gene-32 protein [ 9 4 ] . In that 
case a lower cooperativity should facilitate the redistribution. 
The salt concentration dependency of the dissociation rate constant, d log k j 
/ d log [NaCI], equals 0.68 for the dissociation of gene-5 protein - poly(dA) 
complexes. This is much less than the corresponding salt concentration de­
pendency of the intrinsic binding constant: d log К . / d log [NaCI] = -4.0 
(see Chapter 3 of this thesis). It indicates that the salt concentration mainly 
influences the association rate: d log к / d log [NaCI] = -3.32. This effect 
is quite similar to that found, for example, for the double helix formation of 
DNA and RNA [20, 2 1 ] . Here it appears that also in particular the helix rec­
ombination rate is influenced by the ionic strength. 
The NMR experiments show that addition of gene-5 protein to poly(dA) or 
poly(dT) hardly affects the linewidth of the nucleotide resonances, but on the 
other hand causes a drastic decrease of the signal to noise ratio of these re­
sonances. This is m sharp contrast to the results of Römer et al. [145] who 
observed a strong broadening of the nucleotide signals upon addition of Es-
cherichia coll single stranded DNA binding protein (SSB) to poly(dA) or 
poly(dT), while the signal to noise ratio remained almost unchanged. From 
this broadening they concluded to a fast exchange of SSB between different 
binding sites, indicating a high rate of translocation of SSB on the polynu-
cleotide. For the gene-5 protein - poly(dA) complexes the stopped flow ex-
periments also point to a fast translocation of the protein from protein clus-
ters to isolated sites on the lattice. The reason why this does not result m 
Ime broadening of the nucleotide resonances in this case must be found in the 
high cooperativity of the gene-5 protein binding. As a consequence of this 
the concentration of protein bound on isolated sites is very low and the major 
part of the protein is bound in a cluster. Since the isolated bound protein 
molecules participate in the rearrangement and therefore could give rise to 
broadening of the nucleotide resonances, this line broadening will not be ob-
served in this case. To illustrate this we have calculated the fraction of 
gene-5 protein present as isolated, single contiguously or double contiguously 
bound protein as a function of the degree of saturation, using the theory of 
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Fig 5 7 D i s t r i b u t i o n of pro­
t e i n on a polynucleotide as 
derived fron the theory of 
McGhee and Von Hippel [71] for 
cooperative binding including 
binding s i t e overlap The 
f r a c t i o n of the t o t a l concen­
t r a t i o n of bound protein 
([Ρκ]).which is bound isolated 
single contiguously or double 
contiguously (x = i , s or d 
respect ively) is given as a 
function of the degree of 
saturat ion of the l a t t i c e For 
the calculat ions the values η 
= 4 and ω = 500 are used 
McGhee and Von Hippel [71] and the binding parameters as determined from 
fluorescence titrations [Chapter 3 of this thesis]. These results are given in 
Fig. 5.7, which clearly shows the small fraction of isolated bound protein at 
high and medium degrees of saturation. Finally, the observed decrease of the 
signal to noise ratio at higher degrees of binding must be a consequence of 
the immobilization of nucleotide stretches after binding a (large) protein clus­
ter. 
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CHAPTER β 
FURTHER CHARACTERIZATION OF THE DIFFERENT BINDING MODES FOR 
POLY- AND OLIGODEOXYNUCLEIC ACIDS 
6.1 ABSTRACT 
The binding of gene-5 prote in, encoded by bacteriophage M13, to ohgodeoxy-
nucleic acids was studied by means of fluorescence binding experiments, 
fluorescence depolansation measurements and irreversible dissociation kinetics 
of the protein - nucleotide complexes with salt. The binding properties thus 
obtained are compared with those of the b inding to polynucleotides, especially 
at very low salt concentration. It appears that the binding to oligonucleotides 
is always characterized by a stoichiometry η of 2 to 3 nucleotides per prote in, 
and the absence of cooperat iv i ty. In contrast the protein can bind to poly­
nucleotides in two d i f f e r e n t modes, one with a stoichiometry η = 3 in the ab­
sence of salt and another with η = 4 at moderate salt concentrations. Both 
modes have a high mtramode cooperativity (ω about 500) b u t are non-
interacting and mutually exclusive For deoxynucleic acids with a chamlength 
of 25 - 30 residues a transit ion from oligonucleotide to polynucleotide binding 
is observed at increasing nucleotide to protein ratio in the solution. The η = 
3 polynucleotide b inding is very sensitive to the ionic strength and only de­
tectable at very low salt concentrations. The ionic strength dependency per 
nucleotide of the η = 4 binding is much less and comparable with the salt 
dependency of the oligonucleotide b i n d i n g . Furthermore it appears that the 
influence of the salt concentration on the oligonucleotide binding constant is 
to about the same degree determined by the effect of salt on the association 
and dissociation rate constants Model calculations indicate that the f luores­
cence depolansation t i t rat ion curves can only be explained by a model for o l i ­
gonucleotide binding in which a protein dimer binds with its two dimer halves 
to the same s t r a n d . 
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In addition it is only possible to explain the observed effect of the chain 
length of the oligonucleotide on both the apparent binding constant and the 
dissociation rate by assuming the existence of interactions between protein 
dimers bound to different strands. This results in the formation of a complex 
consisting of two nucleotide strands with protein in between and stabilized by 
the dimer - dimer interactions. 
6.2 INTRODUCTION 
It is now well-known, at least for prokaryotes, that single stranded DNA 
binding proteins participate m the process of DNA replication. The gene-5 
protein encoded by the filamentous bacteriophage M13 is a case in point. It 
binds strongly and cooperatively to single stranded DNA and is able to desta­
bilize double stranded DNA. During DNA metabolism it is instrumental in the 
induction of a switch from replicative form replication to single strand DNA 
synthesis. 
Determinant in the DNA protein interaction is the stoichiometry and the na­
ture of the binding The question of the stoichiometry of the gene-5 protein 
DNA binding, i.e. the number of nucleotides covered by one protein molecule 
has been addressed in a number of studies [33,35,37,45,59,60,Chapter 3 of 
this thesis] and has been reviewed recently by Kansey et al [70]. A so-
called η = 4 binding mode, in which the protein molecule covers four nucleo­
tides, is considered to be the normal binding state of the gene-5 protein. 
Interestingly, at some conditions the protein can be bound in a so-called η = 
3 binding mode, which is clearly distinct from the more common binding state 
mentioned above. The η = 3 binding mode was first discovered in a series of 
NMR experiments in which the complex formation between the gene-5 protein 
and a series of oligo-(dA)s was studied [67] and henceforth is called the oli­
gonucleotide binding mode, m contrast to the common η = 4 binding mode 
which was found for gene-5 protein polynucleotide complex formation and 
therefore is called the polynucleotide binding mode. Subsequently, Gray and 
collaborators showed however, that at low salt conditions the gene-5 protein 
is also able to bind to polynucleotides m the η = 3 binding mode [ 7 0 ] . 
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The data available sofa г suggest that η = 3 binding to oligonucleotides exhib­
its binding features different from η = 3 binding to polynucleotides. For in­
stance complex formation of the gene-5 protein with oligonucleotides seems to 
be almost non-cooperative [67] while model calculations suggest that binding 
to polynucleotides is highly cooperative in both binding modes [70]. 
In an attempt to obtain a unified picture for the complex formation of the 
gene-5 protein with DNA we further explored the binding characteristics of 
the protein, especially those concerning the binding to oligonucleotides. In 
the present chapter results from fluorescent binding and fluorescent depolan-
sation studies are discussed. Moreover the kinetics of the irreversible dissoci­
ation of gene-5 protein - oligo(dT) complexes with salt, as follows from 
stopped-flow experiments, is used in the interpretation of these results and is 
compared with the corresponding kinetics for gene-5 protein - polynucleotide 
complexes, which is described in the preceding chapter. 
6.3 MATERIALS AND METHODS 
6 3a Materials 
Gene-5 protein was isolated and purified as described previously [ 6 0 ] , except 
that during sonication of E. coll no Dnase I was added. Concentrations of the 
gene-5 protein were measured using a molar absorption coefficient at the ab­
sorption maximum (276 nm) of 7100 M cm" [29]. 
The oligo(deoxythymidylic acid)s and oligo(deoxyadenylic acid)s with 
5'-terminal phosphates were purchased from P-L Biochemicals. Concentrations 
were measured using the following absorption coefficients: ε = 8440 M 
cm"1 (266 nm) for ( d T ) 6 , E = 9980 M"1 cm"1 (257 nm) for ( d A ) 8 , ε = 8690 
M"1 cm"1 (266 nm) for ( d T ) 8 , ε = 8600 M"1 cm"1 (266 nm) for ( d T ) 1 2 , ε = 
9910 M"1 cm"1 (257 nm) for ( d A ) 1 2 , ε = 8540 M"1 cm"1 (266 nm) for ( d T ) i e , 
ε = 9910 M"1 cm"1 (257 nm) for ( d A ) 1 6 and ε = 8570 M"1 cm"1 (265 nm) for 
( d T K c o Q . The first three absorption coefficients were obtained directly 
from the literature [137] and the others were found after interpolation from 
the data in this reference. ^^^25-30 , s a m i x * u r e 0 ^ oligo(deoxythymidylic 
acid)s ranging in length from 25 to 30 residues. 
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For poly(dA) E = 9300 M"1 cm"1 (260 nm) and for poly(dT) ε = 8700 M"1 cm"1 
(265 nm). 
M13 DNA was purified according to Konings and collaborators; a molar ab­
sorption coefficient of 7400 M~ cm' at 259 nm was used for this compound 
[106]. 
Throughout this chapter the concentration of nucleotides is expressed as the 
number of moles mononucleotide per liter. All nucleotides were used as the 
Na salts. The measurements were performed in a buffer containing 10 mM 
sodium cacodylate and 50 mM sodium chloride (unless otherwise mentioned) at 
pH 6.9. 
6.3b Fluorescence binding experiments 
Fluorescence binding measurements were performed with a Perkin Elmer 
fluorescence spectrophotometer MPF-4 equipped with a 150 W Xenon lamp. The 
instrument was used m the so-called ratio mode; this means that relative 
fluorescence intensities were measured instead of absolute quantum yields. 
Excitation was at the absorption maximum (276 nm) of the tyrosyl residues 
and the fluorescence was measured at the emission maximum (303 nm). The 
fluorescence intensities were corrected for the inner filter effect, contribution 
of the water Raman signal and for dilution during titration. Fluorescence t i ­
tration experiments were performed according to the method described previ­
ously [37,Chapter 3 of this thesis]. All measurements were carried out at 5 
0 C . 
6.3c Fluorescence depolansation measurements 
Time-resolved fluorescence experiments were performed at 20 0 C on the EMBL 
fluorescence spectrometer, which is described in detail elsewhere [138]. The 
system consists of a synchronously pumped cavity dumped dye laser, the out­
put of which is frequency doubled to 285-310 nm. The pulse width of the 
system is 10 ps, with a repetition rate of 4 MMz. The tyrosyl fluorescence of 
the sample was excited at 285 nm and observed through a 20 nm wide inter-
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ference f i l ter centered around 300 nm. The time dependent change of the 
fluorescence amsotropy, upon excitation with a very short plane polarised 
pulse, was used to determine the rotational correlation time of the protein 
(see chapter 4 ) . 
The time dependent protein fluorescence amsotropy was measured in several 
t i t rat ion experiments. Each individual point in a t i t rat ion experiment was 
measured with a f reshly prepared sample to avoid art i facts due to protein i r -
radiation damage. Dur ing the t i t rat ion either the protein concentration or the 
nucleotide concentration was kept constant. The data were analysed using a 
non-linear least squares f i t t i ng procedure, [142] . 
6.3d Stopped flow i rreversible dissociation experiments 
To gene-5 protein - ol igo(dT) complexes at low ionic strength a concentrated 
salt solution was added to dissociate the complex. Rapid mixing was obtained 
in a modified Durrum stopped-flow equipment and the reaction was monitored 
by the disappearance of the fluorescence quenching upon dissociation. The 
method is described in detail m the preceding chapter. The experiments were 
conducted at 8 0 C , unless otherwise mentioned. 
6.4 RESULTS 
6.4a Binding parameters from fluorescence t i t rat ions for the binding to po ly -
nucleotides 
The binding of gene-5 protein to di f ferent polynucleotides at d i f ferent salt 
concentrations (down to 50 mM NaCI) is characterized by an occupation of 
four nucleotides by one protein monomer at complete saturat ion. At the low 
salt concentration, i .e. at about 50 mM NaCI, a high value of the b inding 
constant is measured. This implies that in a t i t rat ion dur ing the f i r s t part of 
the experiment v i r tua l ly all added protein is bound to the polynucleotide. 
This results in a linear increase of the fluorescence unt i l complete saturation 
of the polynucleotide is obtained. Upon fu r ther addition of protein again a 
linear increase of the fluorescence is observed, but with a larger increment 
because now the fluorescence of the protein is not quenched by b ind ing . 
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From the intersection of the two straight lines (thus obtained) the stoichiom-
etry of the binding (n) can be easily derived, while the ratio of the slopes of 
the two lines gives the fraction by which the fluorescence of the protein is 
quenched upon binding ( Q m a ) i ) [37]. In order to derive values for the bind­
ing constant, titrations have to be performed at somewhat higher salt concen­
trations, where the effective binding constant, Κ .ω, is lower and the bind­
ing isotherms have a sigmoidei shape. (K.-f characterizes the complex 
formation of one protein to an isolated binding site on the lattice, and the 
cooperativity factor, u, defines the factor by which the binding constant in­
creases when a protein binds adjacent to an already bound protein relative to 
isolated binding). The latter feature demonstrates the presence of the high 
cooperativity of the binding, which is not manifest at low salt conditions (50 
mM NaCI). A rather different behaviour is observed at significantly lower 
salt concentrations than 50 mM NaCI. Fig. 6 1 shows the kind of fluorescence 
titration curves measured at very low ionic strength (the buffer contained 
only 1 mM sodium cacodylate). Titration curves obtained for M13 DNA and 
poly(dA) (curve a and b m Fig. 6.1) exhibit two intersection points; the 
same results were obtained for poly(dT) (not shown). This indicates the 
presence of two different binding modes m agreement with results obtained 
from circular dichroism experiments by Kansey et al. [70]. It is noted in 
passing that at the salt concentrations considered the binding is very strong 
so that the apparent shallow form of the titration curves cannot be attributed 
to weak non-cooperative binding. From a linear extrapolation of the fluores­
cence at low protein over nucleotide (P/N) ratios and the fluorescence at high 
P/N ratios a stoichiometry of η = 4 is derived (dashed curves. Fig. 6.1a and 
b ) , which indicates that this binding mode dominates at low P/N values. The 
other mode, which has a stoichiometry of η = 3 as follows from the second 
intersection point at P/N = 1/3, is found instead at higher protein over nu­
cleotide ratios. Both modes have different Q _ . v values as well, i.e. Q _ . v = 
0.60 for the η = 4 binding mode and Q = 0.45 for the η = 3 binding mode. 
•^  max 
This lower quenching factor in the η = 3 mode leads to a larger increase of 
the fluorescence intensity in the titration curve between P/N = 0.2 and 0.4. 
As a result both modes are detectable m the same curve. This is clearly dem­
onstrated by the simulated curve с (solid curve) in Fig. 6 . 1 , which was de­
rived with the aid of the afore-mentioned experimental η and Q m a x values. At 
a stoichiometric binding of just η = 4 the lower dashed line would have been 
measured while if only η = 3 binding were possible the isotherm would follow 
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Figure 6 1 Fluores­
cence titration curves 
for the titration of 
M13 DNA (curve a) and 
poly(dA) (curve b) with 
gene-5 protein Curve с 
is a calculated curve 
for the situation of 
dual mode binding with 
stoichiometries of four 
(n = 4) and three (n = 
3) nucleotides per pro­
tein monomer For the 
calculation binding 
parameters were used as 
derived from the curves 
a and b In the insert 
d the degree of satu­
ration of the polynu­
cleotide with protein 
in the π = 4 binding 
mode (a,) and in the η 
= 3 binding mode (ay) 
are presented as a 
function of the P/N ra-
ratio These simulations 
were performed with the 
same binding parameters as used for the calculation of curve с The dashed 
vertical lines indicate positions where P/N equals the reciprocal of the stoi­
chiometric values η = 4 and η = 3 respectively The dashed parts of curve с 
indicate the change of the fluorescence expected when only η = 3 or η = 4 
binding would occur The titrations were performed at pH 6 9 and 5 0C for 
solutions containing 27 3 uM M13 DNA (a) or 33 5 μΜ poly(dA) (b) and also 1 mM 
sodium cacodylate 
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the upper dashed Ime. The degree of saturation corresponding with the 
fluorescence quenching exhibited in curve с is presented in Fig. 6 . I d (see 
Discussion, section 6.5d). The interpretation presented so far is only valid 
when for P/N exceeding 1/3 (where the polynucleotide is completely saturated 
with protein) the same fluorescence intensity is found irrespective of the 
mode in which the protein is bound. This situation obtains when the ratio of 
( 3 _ , „ (η = 3) and Q _ . „ (n = 4) equals 3/4, which indeed represents the ac-
гпэх т з к 
tuai situation. This can be checked by considering the expression describing 
the fluorescence intensity during a titration experiment: 
F = F f { [ P f ] * [ P b J ] (1 - Qmay , ) * [ P b 2 ] (1 - Q m a x 2 ) } (6.1) 
in which the subscripts 1 and 2 denote binding with η = 4 and η = 3 respec­
tively. F, is the fluorescence per mole of free protein and [P,] and [ P L J a r e 
the concentrations of free and bound protein. In particular the validity of 
the extrapolation procedure carried out to resolve the η = 4 binding will then 
be apparent. 
6.4b Binding parameters from fluorescence titrations for the binding to oligo­
nucleotides 
Parameters characteristic for the binding of gene-5 protein to oligo-
deoxynucleotides were determined m two different types of fluorescence titra­
tions. First, titrations were performed in exactly the same way as already 
described for polynucleotides, which means that protein was added to an oli­
gonucleotide solution at low salt concentration where the binding is strong. 
These titrations were carried out for oligo(deoxythymidilic acid)s and oli-
go(deoxyadenylic acid)s of varying length. In Fig. 6.2 a typical fluorescence 
titration curve is presented, obtained upon addition of the protein to a 
(dT),o solution containing 10 mM sodium cacodylate (pH 6 9) and 50 mM NaCI. 
The number of nucleotides covered by one protein molecule amounts to η = 
2.8, while the quenching factor О
т а х
 is equal to 0.42. These values are 
about the same as those obtained for the η = 3 binding mode of polynucleo­
tides. The value of η and Q m a v determined for a number of oligonucleotides 
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Figure 6 2 Fluorescence t i t r a t i o n curve 
of ( d T ) , g w i t h gene-5 p r o t e i n a t 50 mM 
NaCl and 10 mM sodium c a c o d y l a t e , pH 
6 9 , Τ = 5 С The n u c l e o t i d e concen­
t r a t i o n v a r i e d from 23 19 μΜ a t the 
beginning to 15 7 μΜ a t the end of the 
t i t r a t i o n 
are collected in T a b l e G . I . I t is clear t h a t these results d i f f e r systematically 
from those obtained f o r the complex formation of gene-5 p r o t e i n with p o l y n u ­
cleotides at t h e same ionic s t r e n g t h ( n = 4 and Q 
of this thesis] 
0 . 6 0 [ 2 9 , 3 7 , c h a p t e r 3 
In the second t y p e of t i t r a t i o n s a solution with a high concentrat ion of NaCl 
is added to a solution which contains a gene-5 p r o t e i n - oligonucleotide com­
plex with a sl ight amount of t h e oligonucleotide in excess, e n s u r i n g t h a t a t 
the b e g i n n i n g of the t i t r a t i o n , i .e. at low salt c o n c e n t r a t i o n , all the p r o t e i n 
is b o u n d . D u r i n g t h e t i t r a t i o n the complex is increasingly dissociated r e s u l t ­
ing in an enhanced f luorescence i n t e n s i t y . From t h e o b s e r v e d i n t e n s i t y , F
 h , 
the fract ion of bound p r o t e i n , Θ, can be calculated with 
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Table 6.1. 
Binding parameters for oligodeoxynucleotide complexes as derived from 
fluorescence binding isotherms at 5 0C and 50 mM NaCl. 
Typical nucleotide concentrations during the experiment 
were in the order of 20 μΜ. 
oligonucleotide η Q 
max 
(dT) 6 
( d T ) 8 
(dA) 8 
( d T ) 1 2 
(dA) 1 2 
( d A ) l 6 
( d T ) 1 8 
( d T ) 2 5 . 3 0 
-" *) 
2.8 
2.2 
2.4 
2.3 
2.7 
2.8 
2.7 
- ") 
0.25 
0.17 
0.40 
0.41 
0.42 
0.42 
0.45 
*) no binding could be observed 
8
 = t f t ! Ff " Fobs ) t tpti Ff «max (6·2) 
in which [ P t ] is the total protein concentration and F* is the fluorescence per 
mole of free protein. Then the fluorescence intensities at the beginning and 
at the end of the titration are given by [ P J F f O - Q n l a x ) and [P t ]Ff respec­
tively. Fig. 6.3 shows salt titration curves recorded for complexes of gene-5 
protein with oligo(deoxythymidylic acid)s of a chain length of 8 nucleotides or 
more, including the complex with poly(dT). It is noted in passing that for 
the complexes with oligoCdeoxyadenyiic acid)s (cf. Table 6.1) the binding is 
very weak. This means that they dissociate readily at low salt concentra­
tions, which makes them less suited for this type of titration. 
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Figure б 3 Gene-5 protein fluorescence as a function of s a l t concentrat ion, 
recorded at 5 0 C, upon d isrupt ion from (dT)g ( · ) , ( d O i j ( o ) , (dT),« ( χ ) , 
( d ^ 2 5 - 3 0 ^*^ o r P0^y(c'^) (•) T h e t o t a l protein concentration i s about 6 μΜ 
It can be gleaned from Fig. 6.3 that elongation of the chain lengths requires 
higher salt concentrations to achieve complete dissociation of the complex. 
Apparently the binding constant increases drastically with the chain length at 
the same ionic strength. For the polynucleotide, poly(dT), only a small de­
gree of dissociation could be observed, even at the highest concentration of 
sodium chloride. To analyse the salt titration curves we introduce an appar­
ent binding constant, Κ , for the binding of gene-5 protein to oligonucleo­
tides, which is dependent on the salt concentration. К is defined as the 
reciprocal value of the free protein concentration, [ P f ] , at half saturation of 
the nucleotide, i.e 
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app [Pf,1/2J 
-1 (6.3) 
Hence, by adjusting the salt concentration to obtain the situation of half sat­
uration, a binding constant can be deduced. Apparent binding constants, 
derived in this way from titration curves as given in Fig 6 3, were plotted 
as a function of the NaCI concentration (Fig. 6.4) The different stability of 
the various oligonucleotide complexes is reflected by the different values of 
log К at the same NaCI concentration in Fig. 6.4. For example, after ex­
trapolation of the straight lines we obtained values for log К at 1 0 M 
NaCI of 3.04 for ( d T ) 8 , 4 02 for ( d T ) 1 2 , 4.78 for ( d T ) 1 8 and 5 09 for 
(dT)25.30. The explanation for the chain length dependency of К will be 
given later (see Discussion, section 6.5d). 
log(NaCI] 
Figure 6 4 Salt dependency of the apparent binding constant К for gene-5 
protein / (deoxythymidilic acid) complexes, as derived from salt titrations of 
the complex at 5 0C The ol igo(deoxythymidi 1 ic acid)s consist of 8 (·), 12 
(o), 18 (χ) or 25-30 residues (A) For reasons of comparison the curve for the 
gene-5 protein / M13 DNA complex (K 
app 
Κ,.,,ω, A ) is also shown 
int. w ' 
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6.4c Fluorescence depolarisation experiments 
Measurements of the depolarisation of the tyrosyl fluorescence of gene-5 pro­
tein at different nucleotide over protein ratios were carried out to determine 
the rotational correlation time of the protein as a function of this ratio. We 
have shown previously (see chapter 4) that in this manner it is possible to 
discriminate between binding with a high or a very low cooperativity factor ω. 
Thus, after comparison of n, K. _ and Q_ obtained for the different DNA 
app max 
binding modes of gene-5 protein, the fluorescence depolarisation method en­
ables us to investigate the cooperativity connected with these modes. The 
time dependence of the fluorescence anisotropy of a single particle can be 
described by the following expression [141]. 
A(t) = A(0) e"* 7* (6.4) 
where A(0) is the zero time anisotropy and * is the rotational correlation time 
of the particle. For globular particles we have 
* =
 f
r o t V h η / k T ( 6 · 5 ) 
where V. is the hydrated particle volume, η is the viscosity of the sample 
and f . is the relative rotational friction coefficient, which is a measure for 
the deviation from sphericity. Assuming that the gene-5 protein molecule is 
spherical we calculate that φ = 8 00 ns at 20 0 C for the dimer (M = 19378 
g/mole). Measured values of the rotational correlation time are 12.9 ns at a 
protein concentration of 79 yM and 15.4 ns at 840 μΜ. From these results we 
concluded that the deviations from the theoretically predicted value are 
caused by protein aggregation (see chapter 4 ) . Measurements of the time 
dependence of the fluorescence anisotropy m the presence of ohgo- or poly­
nucleotides showed that for all of the complexes studied Eq. 6.4 is applicable, 
which means that the A ( t ) versus t curves can be described by a single ex­
ponential from which the value of the effective rotational correlation time can 
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be derived. During titration of the gene-5 protein with oligo- or 
polynucleotide, complexes with higher molecular weights are formed. This is 
reflected in a change of the rotational correlation time with the N/P ratio. 
Fig. 6.5 shows the effect of complex formation of gene-5 protein with M13 
DNA on the protein rotational correlation time at different concentrations of 
NaCI. The formation of particles with a higher molecular weight is apparent 
from the increase of Φ with the N/P ratio which proceeds until all the protein 
is bound at an N/P value of 4. The fluorescence lifetime of tyrosyl residues 
is relatively short (see chapter 4 ) , which implies that only a narrow time win­
dow is available for measuring the fluorescence depolansation. This means 
that for the experiments described in this chapter, the higher values of φ are 
less accurate and therefore for Φ exceeding 90 ns are represented in the f ig­
ures by dashed lines, indicating the lower limit of the effective rotational cor­
relation time. In case of M13 DNA the large value of the rotational 
correlation time obtained for N/P greater than 4 indicates that the protein 
remains bound in large clusters, even in the presence of an excess of DNA, 
as prescribed by the McGhee and von Hippel model [71]. The high binding 
cooperativity precludes a uniform distribution of the bound protein molecules 
over the available DNA strands (see chapter 4 ) . The convex downward shape 
of the curve observed in the beginning of the titration can be explained by 
a model m which a (slow) exchange of protein between the various complexes 
is assumed (see chapter 4 ) . Similar curves are measured for 93 mM NaCI and 
139 mM NaCI solutions. The small differences in the rotational correlation time 
in the first part of the titration are possibly caused by a difference in the 
amount of aggregation of the protein samples. Both curves have the same 
shape and point to a binding stoichlometry of 4 nucleotides per protein mo­
nomer at this ionic strength. On the other hand the curve obtained at very 
low salt concentration, i.e. 1 mM or less, shows a different behaviour. In the 
first part of the curve a larger increase of the rotational correlation time is 
observed upon increasing the N/P value. Since we know from fluorescence 
binding experiments that at all three NaCI concentrations the binding of the 
protein to DNA is very strong, this different shape cannot be caused by a 
difference in binding strength at 1 mM NaCI and therefore points to a binding 
stoich lometry of less than 4 nucleotides per protein monomer at this ionic 
strength. This is in agreement with the results of the fluorescence titration 
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experiments which reveal an η = 3 binding mode at very low NaCI 
concentration. That the stoichiometric value η = 3 is not observed m the de-
polansation studies originates from the fact that if both modes are possible, 
the η = 3 mode will be only observable when the protein is present in excess 
amount, i.e. at low N/P ratios. Thus, compared with Fig. 6 . 1 , where upon 
increasing P/N we first observe η = 4 binding followed by η = 3 binding, we 
now encounter the reverse situation. 
0 (ns) 
8 10 12 16 18 
N/P 
Figure 6 5 Rotational 
correlation times, φ, of 
gene-5 protein / M13 DNA 
mixtures as a function of 
N/P, the ratio mononu-
cleotide/protein monomer, 
obtained at 20 0C The 
sodium chloride and nu­
cleotide concentrations 
were kept constant during 
the titration at less 
than 1 mM NaCI and 70 47 
μΜ M13 DNA (·). 93 mM 
NaCI and 177 57 μΜ M13 
DNA (α) or 139 mM NaCI 
and 220 81 μΜ M13 DNA 
(о) The nucleotide con­
centrations are expressed 
in mononucleotides The 
broken line at higher N/P 
ratios indicates high 
values of φ The exact 
values cannot be deter­
mined because of the 
fast-decaying protein 
fluorescence 
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Rotational correlation times measured as a function of the N/P ratio for mix­
tures of ( d T ) , g and gene-5 protein at salt concentrations less than 1 mM are 
given in Fig. 6.6. The curve is adapted from chapter 4 and is presented here 
for reasons of comparison. At N/P = 2.5, φ is at a maximum and upon fur­
ther increasing of N/P decreases, because the low cooperativity of the 
binding allows a redistribution of bound protein over the nucleotide lattices 
when N/P exceeds the stoichiometric value. Hence, in a situation of very 
strong binding the stoichiometry of the binding follows directly from the N/P 
value at which the maximum is found. This type of Φ versus N/P curve is 
only found for low cooperativities (see chapter 4 ) , which can easily be distin­
guished from the curves obtained for high values of ω (compare Fig. 6 . 5 ) . 
Φ versus N/P curves measured for the complexation of gene-5 protein with 
( d T K c 3Q are also given in Fig. 6.6. Again convex downward curves are 
obtained m the beginning of the titration. At very low ionic strength the re­
sults seem to indicate a stoichiometry of 2 5 to 3 nucleotides per protein mo­
nomer. On the other hand at the larger salt concentrations the curve is 
shifted to the right which could represent η = 4 binding mode. This shift 
cannot be caused by weaker binding at the larger NaCI concentrations, be­
cause the experiments were performed at protein and nucleotide concentrations 
high enough to guarantee strong binding (vide supra). There is an analogy 
with the behaviour of the rotational correlation times observed for the comple­
xation of gene-5 protein with M13 DNA (Fig. 6 . 5 ) . In both cases steeper 
curves are observed at low ionic strength for the lower N/P ratios, which 
indicates a lower binding stoichiometry relative to the curves obtained at 
higher salt concentrations. At N/P ratios above the stoichiometric value, the 
rotational correlation time maintains a very high value as was also observed 
for the complexation with M13 DNA (see Fig. 6 . 5 ) . For the η = 4 binding 
mode, as observed for M13 DNA, this can be expected in view of the large 
cooperativity factor. Whether the high ts observed for ( ^ Т К с . з о beyond the 
stoichiometric N/P value arise from a transition from the η = 3 to the η = 4 
binding mode as was observed for polynucleotides or the η = 3 mode itself has 
a large cooperativity, cannot be decided at this stage. We will return to this 
question below. 
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Figure 6 6 Rotational corre lat ion times, φ, of gene-5 protein / ( d T ) . r _ i n 
mixtures as a function of N/P, obtained at 20 0C The sodium chloride and the 
nucleotide or the gene-5 protein concentrations were kept constant during the 
t i t r a t i o n at less than 1 mM NaCl and 137 2 μΜ ( d T ) 2 5 _ 3 0 ( · ) , less than 1 mM 
NaCl and 75 0 μΜ gene-5 protein ( · ) . 90 mM NaCl and 102 0 μΜ ( d T ) 2 5 _ 3 0 (o and 
i ) or 135 mM NaCl and 75 0 μΜ gene-5 prote in (o) The horizontal l ine at 
higher N/P r a t i o s indicates high values of φ The exact values cannot be de­
termined because of the fast-decaying protein fluorescence Also the curve 
obtained for the t i t r a t i o n of 59 72 μΜ (dT),« at 1 mM NaCl and a constant 
gene-5 protein concentration is given (χ) 
6.4d Stopped flow dissociation kinetics 
Stopped flow salt jump experiments have been used to characterize the type 
of rate process and to determine the rate constant of the dissociation of 
gene-5 protein - oligonucleotide complexes. Only oligo(dT) complexes could be 
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used; the smaller binding constant of oligo(dA)s makes the dissociation kinet-
ics of oligo(dA) complexes very fast which implies that the reaction proceeds 
completely within the mixing time of about 4 ms, even at temperatures as low 
as 5 0 C . At room temperature also the oligo(dT) complexes exhibited very 
fast reactions which proceeded largely within the mixing time. However, at a 
lower temperature, e .g . 8 0 C , the dissociation of the oligo(dT) complexes 
could be followed without problems. Fig. 6.7 shows (as an example) the dis-
sociation curve obtained after rapid mixing of a solution of the gene-5 protein 
- (dT).|2 complex with an equal volume of 2 M NaCl. The curve can be de-
scribed by a single exponential, characterized by a relaxation time of 23 ms. 
For the other dissociation experiments, of which the results are collected in 
Table 6 11, the process can also be described by a mono-exponential function. 
This indicates that the dissociation rate only depends on the concentration of 
® 
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Figure 6 7 Dissociation kinetics of a gene-5 protein - ( d T ) ^ complex re-
sulting from rapid mixing 1n a stopped flow apparatus of a solution containing 
25 μΜ gene-5 protein and 75 μΜ ( d T ) ^ in a Ю mM sodium cacodylate buffer (pH 
6 9) with an equal volume of a solution of 2 M NaCl in the same buffer, Τ = 8 
0C a Time course of the dissociation as recorded directly from the display 
of the instrument The signal before mixing represents the fluorescence in­
tensity after complete dissociation of the complex obtained in the previous 
run b Fit of the actual decay curve by means of a mono-exponential function 
which delivers a value of 23 ms for the relaxation time in this experiment 
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Table 6 I I 
Stopped flow i r r e v e r s i b l e dissociat ion experiments of gene-5 protein 
ol igo(dT) complexes The sodium chlor ide concentration of the sample 
before and a f t e r the rapid mixing of the complex and s a l t solut ion save 
is indicated The experimental re laxat ion time τ is the 
average value obtained from a one-exponential f i t of about 
15 d i f f e r e n t experimental curves The uncertainty amounts from 
about 10 % for the lower values of τ to about 15 % for the 
higher values The r a t i o of t o t a l nucleotide to protein concentration 
is given by the parameter N/P 
nucleotide 
(dT) 1 2 
» » 
,
 ( 
( d T ) ] 8 
(dT ^25-30 
[NaCl] 
initial 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
115 
25 
30 
(M) 
final 
2 00 
1 50 
1 00 
0 50 
2 00 
2 00 
2 00 
2 00 
2 00 
2 05 
2 13 
2 15 
2 00 
2 00 
temp 
( 
8 
8 
8 
8 
8 
8 
8 
13 
16 
8 
8 
8 
8 
8 
»rature 
Э
С) 
Ν/Ρ 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
6 
8 
T(ms) 
< 8 
13 
21 
45 
70 
100 
86 
37 
28 
76 
99 
85 
49 
52 
bound protein and not on the distribution of the bound protein molecules over 
the nucleotide lattices. Furthermore, it is clear from Table 6 II that the ex­
perimental relaxation time τ increases with the chain length of the oligonucleo­
tide. The corresponding decrease of the dissociation rate is in agreement 
- Chapter 6 - 143 
with the observed increase of the apparent binding constant with the chain 
length (see above). For ( d T K c on the dissociation process is slow enough to 
permit measurements at higher temperature. From the temperature dependency 
of τ thus obtained (see Table 6.11) an activation energy of 21 kcal per mole 
could be derived. 
G.5 DISCUSSION 
6.5a Dual mode binding of gene-5 protein to polynucleotides 
The parameters characterizing the binding of gene-5 protein to polynucleo­
tides in the so-called η = 4 mode have been determined for various ribo- and 
deoxynbopolynucleotides [37,70,chapter 3 of this thesis] and are well known 
at present. This binding mode prevails for a wide range of salt concentrations 
above 0.05 M NaCI, including the physiological ionic strength, and is charac­
terised by a large cooperativity factor (ω - 500). CD measurements 
conducted above 250 nm [70] revealed that at very low salt conditions also a 
binding mode with a stoichiometry of η = 3 is possible for poly(dA), poly 
d ( l ) , poly d(A-T) and poly d ( A , T ) . It was found as a second binding mode 
at higher protein concentrations. Upon titrating the polynucleotide with pro­
tein its occurence was demonstrated by a partial reversal of the CD changes 
found for the η = 4 mode. For poly(dT) and fd DNA the CD titration tech­
nique shows only the η = 3 binding mode at these low salt concentrations. 
However, as pointed out by Gray and coworkers, it is possible that the 
switch between the two modes during the titration of these DNAs is not de­
tectable because it is not accompanied by a reversal of the CD change. Using 
the fluorescence titration method we as well observed both binding modes for 
poly(dA) and the viral DNA at very low salt concentration. The absence of 
the η = 3 mode at higher salt concentrations implies that the binding constant 
of this mode drastically decreases with increasing ionic strength. This means 
that it is much more sensitive to the ionic strength of the solution than the η 
= 4 mode. To further characterize the η = 3 binding, especially with respect 
to the magnitude of its cooperativity factor, we simulated the fluorescence t i ­
tration curve for the simultaneous binding of a ligand in two different binding 
modes to an infinite lattice using the theory of Schwartz and Stankowski 
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(1979) [37]. First, the degree of saturation, a , of the polynucleotide with 
protein bound in mode ι was computed as a function of the P/N ratio. Sub­
sequently, the fluorescence intensity, F, could be calculated from Eq. 6.1 
with the concentration of protein bound in mode ι, [ P b ] = [ N J α / η , m 
which [ N J denotes the total nucleotide concentration in the sample and η is 
the stoichiometry of the binding mode. For the calculation of the binding pro­
files in Fig. 6.Id and thereupon of the fluorescence titration curve in Fig. 
6.1c, we used the following values for the binding parameters; stoichiometry: 
n 1 = ^' n 2 = ^' l n t r l n s , c binding constant: К
 t , = 1.0 χ 10 M" , К . «
 = 
9 - 1 9.0 χ 10 M ; cooperativity factor: ω,, = UJT = 500 and ω^ = ω 2 1 = ^' t 0 * 3 ' 
nucleotide concentration: N. = 10 yM; fluorescence quenching factor: Q m a x ι 
= 0.60, Q -, = 0.45. The choice ω·,-, = u 1 0 = 1 means that proteins in both 
max,ζ ¿ι ι ζ 
binding modes are mutually non-interacting. Comparison of the curves a and 
b with с m Fig. 6.1 reveals that the titration curve thus obtained is almost 
identical with the experimentally determined curves. Hence, the fluorescence 
titration curves can be described by a model that assumes binding in two dif­
ferent modes. Both modes have a large intramode cooperativity but are non-
interacting and mutually exclusive. In addition calculations have been per­
formed for a wide range of binding constants and cooperativity factors. The 
same curves are obtained if the variation of the values of K. . , and Κ. , , 
int,i int,z 
is constrained by the constant ratio Κ . , Ι К . « = 1.11, provided that the 
condition of strong binding is fulfilled. However, no agreement between the 
simulated and the experimental titration curves could be obtained when uu-, is 
small or when ω ^ ( = ω,-ι) has a large value. Therefore we can conclude that 
also the η = 3 binding mode has a rather high intramode cooperativity and 
that an intermode cooperativity between the two stoichiometric ways of binding 
is absent. This absence of intermode cooperativity was also found by Kansey 
et al. from a comparison of measured and calculated CD titration curves [ 7 0 ] . 
In their caluculations these investigators adopted a ratio of К . , / К . ~ = 
1.25, which is somewhat higher than our value of 1.11. The only conse­
quence of this difference is that a maximum degree of saturation of 0.89 in 
the η = 4 mode at N/P = 0.241 is found while m our calculations this maximum 
is 0.68 at N/P = 0.223 (see Fig. 6. I d ) . Note that a maximum of 1.00 at N/P = 
0.25 would indicate complete saturation of the polynucleotide with protein m 
the η = 4 binding mode. 
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6.5b Binding of gene-5 protein to oligonucleotides. 
The binding of gene-5 protein to oligonucleotides differs in a number of 
aspects from the binding to polynucleotides, at least as far as binding to oli-
go(deoxyadenilic acid)s and oligo(deoxythymidilic acid)s is concerned. First, 
the stoichiometry of the binding is η = 3 (or perhaps somewhat smaller) up to 
a chain length of about 20 nucleotide residues, independent of the ionic 
strength. Secondly, there is a large difference between the cooperativity of 
oligonucleotide and polynucleotide binding. Binding to polynucleotides is al­
ways characterized by a high value of the cooperativity factor (ω - 500, vide 
supra) for both possible binding modes. However, as we have found with 
various different techniques, it is evident that for the binding to oligonucleo­
tides the existence of such a high cooperativity can be excluded. Thus, from 
the fluorescence depolansation experiments it is obvious that the decrease of 
the rotational correlation time of the protein after the N/P ratio has increased 
above the stoichiometric value points to a redistribution of the bound protein 
molecules over the nucleotide lattices (see Fig. 6 . 6 ) . This will only take 
place if the binding cooperativity is low compared with the configurational 
entropy factor, i.e. the number of ways a protein molecule can bind to a 
lattice. Furthermore, as expected for low binding cooperativity, the dissocia­
tion kinetics of gene-5 protein - oligo(dT) complexes, measured after addition 
of salt, follows a single exponential. This indicates that the dissociation rate 
is only dependent on the concentration of bound protein molecules irrespective 
as to whether these protein molecules are bound on isolated sites or next to 
each other. This dissociation behaviour is in sharp contrast to the dissocia­
tion kinetics of gene-5 protein - poly(dA) complexes for which a linear decay 
of the concentration of bound protein with time is observed (see Chapter 5 ) . 
We have explained these dissociation kinetics by a mechanism m which the 
protein "slides" along the nucleotide chain from the ends of cooperatively 
bound protein clusters to isolated sites. This model also explains the dissoci­
ation of gene-5 protein from M13 DNA. 
Unfortunately, it is not possible to determine quantitatively the cooperativity 
factor for the binding of the protein to oligonucleotides from the fluorescence 
experiments. Also the shape of the fluorescence titration curves does not al­
low a more precise estimation of u. For polynucleotides values of u could be 
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estimated from binding isotherms or salt titration curves by means of fitting 
procedures based on the model of McGhee and Von Hippel for binding to an 
infinite lattice (see chapter 3 ) . This model is not applicable to short nucleo­
tide lattices. Nevertheless, the shape of the binding isotherms does confirm 
the occurrence of a low cooperativity for oligonucleotide binding because at 
salt concentrations at which the binding is weak a hyperbolic shape is ob­
served. This is in sharp contrast to the sigmoidei shape obtained for the 
binding of gene-5 protein to polynucleotides under these conditions, which 
indicates a high cooperativity. The only number obtained for the cooperativity 
parameter of oligonucleotides is a value of about 5 found in our laboratory for 
the binding to oligo(deoxyadenylic acid)s [ 6 7 ] . This was deduced from the 
change in the chemical shift position of a gene-5 protein tyrosyl resonance 
upon titration of the protein with oligo(dA)s. 
The third parameter which is important for the characterisation of the binding 
is the intrinsic binding constant, К .. For the binding to oligonucleotides 
we have according to Epstein et al. [87] the following relationship between 
the binding constant К . and a, the degree of saturation of an oligonucleo­
tide with protein: 
α = (n/M) Z q lt q o(M,n,q,j) ( K | n t [ Р , ] ) / Σ ς Σ a(M,n,q,j) ( K | n t [ P f ] ) V 
(q = 0,1,2, .. int(M/n); j = 1,2, . . ( q - 1 ) ) (6.6) 
In this expression M is the number of nucleotide residues m the oligonucleo­
tide, η is the size of the binding site (residues per protein), [РЛ is the 
concentration of unbound protein and o(M,n,q,j) is the number of different 
ways m which q protein molecules can bind to a lattice of M residues and 
form j cooperative contacts. The configurational entropy factor ö(M,n,q, j ) is 
represented by 
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/M-nq*1\ / q - 1 \ 
(6.7) 
In the titration of an oligonucleotide - gene-5 protein complex with salt, К . 
is not a constant parameter because it is the decrease of K . with increasing 
salt concentration which causes the lowering of a, i.e. the dissociation of the 
complex. However, if the cooperativity parameter, ω, is assumed to be con­
stant (note that we found a very low cooperativity at all salt concentrations 
used) it follows from Eq. G.6 that the product Κ *[ΡΛ is a constant for a 
particular value of a, independent of the complex concentration. If for dif­
ferent complex concentrations salt titrations are performed, the salt concen­
tration at which half saturation is achieved will be different and occur at dif­
ferent [P,] values. We are not able to derive К
 t directly from such 
experiments, but we can define a new binding constant, К (see Eq. 6.3) 
which is linearly poproportional to the intrinsic binding constant K . : 
K app = P<M,n,B) K | n t (6.8) 
The value of the proportionality constant ρ(Μ,η,ω) depends on the model used 
for the calculation of this constant and is also different for the various oligo­
nucleotides. The advantages of this definition of the binding constant are that 
К is independent of the binding model, that the free protein concentration 
at half saturation of the nucleotide can be directly obtained from fluorescence 
salt titrations without data fitting or the involvement of assumptions and that 
the salt dependency of К . and К are the same. As discussed already 
this salt dependency follows from the determination of К at different con­
centrations of the protein - oligonucleotide complex (see Fig. 6 . 4 ) . Then 
according to Record's theory [73,74] the following relationship should exist 
between the binding constant and the salt concentration: 
log К = с log [NaCI] • b with с = - ( m > • a) (6.9) 
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Here b and с are constants; b is the value f o r log К at 1 M N a C I , m'ty is 
the number of sodium ions released from the DNA and a is t h e number of 
chloride ions released from the protein upon binding of a protein molecule. 
For b i n d i n g to polynucleotides we have found previously a l r e a d y such a l inear 
relationship with с - - 4 . 0 ± 0 . 8 (see c h a p t e r 3 ) . Eq. 6 . 9 is also applicable 
to t h e oligonucleotide b i n d i n g and reveals an average value for с of - 2 . 4 ί 
0 . 2 , independent of t h e t y p e of oligonucleotide. So t h e same dependence of 
К on t h e salt concentration is found f o r all oligonucleotides s t u d i e d , which 
app 
is however smaller t h a n the salt concentration dependency of Κ .ω f o r p o l y ­
nucleotides. 
Considering t h a t t h e value of - 4 . 0 f o r с holds f o r η = 4 polynucleotide b i n d ­
i n g , while the value of - 2 . 4 from F i g . 6 . 4 applies to η = 3 oligonucleotide 
b i n d i n g , this d i f f e r e n c e in с can be e x p l a i n e d for t h e g r e a t e r p a r t b y t h e 
release of a smaller number of sodium ions upon b i n d i n g of gene-5 protein to 
oligonucleotides compared with the b i n d i n g to polynucleotides in t h e η = 4 
mode. Assuming t h a t t h e number of sodium ions per phosphate bound to t h e 
uncomplexed DNA equals 0 . 7 8 , both f o r polynucleotides as well as f o r ol igonu­
cleotides ( i n f a c t this value f o r ψ holds f o r t h e b i n d i n g to p o l y ( r A ) , [ 7 3 ] ) 
then ιη'ψ = 3 . 1 (see E q . 6 . 9 ) for the η = 4 polynucleotide b i n d i n g (m' = 4 ) 
and ΓΠ'Ψ = 2.3 f o r oligonucleotide b i n d i n g (m' - 3 ) . This means t h a t upon com­
plex formation with polynucleotides possibly also a chloride ion is expel led 
from the protein (see [ 3 7 ] ) , while f o r b i n d i n g to oligonucleotides this is 
p r o b a b l y not so. T h u s t h e r e is a close releationship between the decreased 
ionic s t r e n g t h d e p e n d e n c y of the oligonucleotide b i n d i n g and the smaller stoi-
chiometry of this b i n d i n g mode. 
More insight in t h e ionic s t r e n g t h dependency of the b i n d i n g of gene-5 p r o ­
tein to oligonucleotides can be obtained from the salt dependence of the r e l a x ­
ation t ime, τ , which characterizes the dissociation of gene-5 protein - ( d T ) , , 
complexes. From a l inear plot of log τ versus the logarithm of the f inal salt 
concentration ( n o t s h o w n ) , using the values collected m Table 6 . 1 1 , a slope 
of - 1 . 5 ± 0 . 3 is o b t a i n e d . T h i s implies t h a t d log l < d | S S / d log [ N a C I ] , in 
which к j . . . stands f o r the dissociation rate constant, equals 1.5 ± 0 . 3 . diss 
Since t h e b i n d i n g constant is d i r e c t l y proport ional to k j . " or τ , the slope 
of - 1 . 5 ì 0 .3 can be related with the parameter с from E q . 6 . 9 , which is 
equal to - 2 . 4 ± 0 . 2 . So t h e ionic s t r e n g t h dependency of the a p p a r e n t 
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binding constant (which represents also the salt concentration dependency of 
the intrinsic binding constant) originates, within experimental error, to about 
the same extent from the dissociation and from the association reactions. The 
ionic strength dependency of the association rate is thus given by (d log 
kass / d l o g l N a C | ] = - 0 · 9 * 0 5). 
6.5c The η = 3 modes do not represent the same binding in oligo- and poly­
nucleotides 
As has been discussed the binding of gene-5 protein to oligonucleotides as 
well as to polynucleotides (at very low salt concentration) is characterized by 
a stoichiometry of η = 3 or less and by a maximum quenching factor of the 
fluorescence of about 0.45. However the other binding properties are quite 
different. The polynucleotide binding appears to be highly cooperative and 
very sensitive to ionic strength, since no binding in this mode can be detect­
ed at salt concentrations above 50 mM NaCI. In contrast, oligonucleotide 
binding is nearly non-cooperative and shows a salt concentration dependency 
per residue which is comparable with that of the η = 4 polynucleotide binding 
mode. Therefore in our opinion the oligonucleotide and polynucleotide η = 3 
modes represent a different type of binding. 
From the sucrose gradient analysis of gene-5 protein [18] and gene-5 protein 
cross linking experiments [32] we know that the gene-5 protein binds to DNA 
as a dimer. The gene-5 protein binding has often been described as a 
system in which the two halves are bound to opposing DNA strands 
[17,33,34,44,65]. This idea is supported by the observation that m the 
crystal structure the protein forms a symmetric dimer with a twofold axis of 
symmetry [ 6 5 ] . However it is interesting to entertain the notion that both 
monomers of a dimer bind to the same DNA chain. Indeed we will demonstrate 
that oligonucleotides may prefer this state of complexation. To this end we 
simulated rotational correlation time versus N/P curves for a model in which 
the two halves of the dimer are bound to two different strands of d ( T ) , g 
(model 1) and for a model m which the two halves of the dimer are bound to 
the same strand (model 2 ) . In general, the fluorescence depolansation for a 
(slowly) exchanging system in equilibrium is given by 
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A ( t ) = Zq A q ( 0 ) f q e ( - t / * q ) (6.10) 
where A (0) is the zero time amsotropy, φ is the rotational correlation time 
of complex q and f is the fraction of the protein which is present in complex 
q . During the t i t r a t i o n process, complexes of the type S j D , Sj^l' ^ 2 ^ 3 ' 
S 2 D 4 ' S 2 D 5 a n d S 2 D 6 i m o d e l 1 ^ o r o f t h e * Ре S D ' S D 2 a n d S D 3 ( m o d e l 2) 
can be formed between a strand S of 18 residues and the protein dimer D. 
Note that q = 0 for the free protein. For practical purposes Eq. 6.10 can be 
simplified to 
A ( t ) = A(0) l q f q e ( " t / * q ) (6.11) 
because it turned out (see chapter 4) that for the gene-5 protein / ol igo(dT) 
systems the zero-time amstropy only varied to a limited amount (maximum to­
tal decrease was only 14 % throughout the t i t r a t i o n ) . Theoretical curves for 
the rotational correlation time, as a function of the N/P rat io, can now be 
simulated. F i rst , A ( t ) (Eq. 6.11) is calculated with the following input pa­
rameters. The f r a c t i o n , f , of the protein present in the particle of type 
q , is calculated from a combination of the law of mass conservation and ex­
pressions for the b inding constants obtained from Epstein's theory [87] for 
the binding of a ligand to an oligonucleotide as a funct ion of oligonucleotide 
concentration (see Appendix) . Secondly, the rotational correlation time is as­
sumed to be 10 ns for the free protein dimer and (2 * 10.q) ns for the v a r i ­
ous complexes. Combination of these d i f ferent parameters allows a calculation 
of the amsotropy A ( t ) as a function of time (using Eq. 6.11) and as a func­
tion of nucleotide concentration. Subsequently, the effective rotational corre­
lation time is calculated by f i t t i n g a mono-exponential funct ion to the curve 
calculated for A ( t ) . The values thus found for the effective rotational corre­
lation time as a function of the nucleotide protein ratio have been plotted m 
Fig. 6.8a (model 1) and Fig. 6 8b (model 2) . The same qualitative results 
are obtained if one introduces asymmetric binding in model 1 (the two DNA 
strands are allowed to be not completely matched b u t shifted in relation to 
each other) or an init iation step (the intr insic binding constant for binding of 
a dimer to two empty strands has a smaller value then the intr insic binding 
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Figure 6 8 Rotational corre lat ion times calculated for a single-strand DNA 
binding protein dimer as a function of N/P, the r a t i o mononucleotide / protein 
monomer concentration, f o r binding of the protein to a nucleotide l a t t i c e of 
18 residues One protein monomer covers three nucleotides when bound to the 
DNA The protein monomer concentration is kept constant at 10 yM, the coopera-
t i v i t y parameter ω equals 1 and a time window of 7 ns is used (see t e x t ) The 
results for model 1 and model 2 are given in Fig A and B, respectively The 0 
values were obtained through a one-exponential f i t to the simulated amsotropy 
decay curves The binding constant for the binding of a protein dimer was as­
sumed to be IO 1 2 ( a ) , IO8 ( b ) , IO7 (e) or 104 (d) for the curves in Fig A and 
10 1 2 ( a ) , 108 ( b ) , 107 (c) or 106 (d) M"1 for the curves in Fig В 
constant for binding of a dimer to a complex). A square window parameter of 
7 ns was used. The window parameter is equal to the time interval in which 
the mono-exponential is fitted to the decay curve. In practice this is deter­
mined by the fluorescence lifetime. The shape of the depolansation titration 
curves thus obtained is similair to the shape of the curves given previously 
for the binding to a nonanucleotide (chapter 4) and has been explained loc. 
cit.. The difference between the two models is most pronounced in the right 
hand part of the curves i.e. at an excess of nucleotide (high N/P ratios). 
With the second model (binding of a dimer along one strand) a fast decrease 
of the rotational correlation time is observed upon increasing the N/P ratio 
above the stoichiometric value (Fig. 6.8B). This is exactly what we have 
obtained experimentally (compare with Fig. 6 . 6 ) . According to the first mod­
el (binding of a dimer between two different strands) the rotational correla­
tion time maintains a rather high value (Fig. 6.8A) even at a large excess of 
nucleotide. In conclusion it is obvious that only model 2 can explain the 
course of the φ versus N/P curve of ( d T K g complexes. Therefore in our 
opinion this model represents the binding of gene-5 protein to oligonucleo­
tides, at least to oligo(deoxythymidilic acid)s. Note that the very high values 
obtained for the rotational correlation time of ^^^25-30 c 0 , T I P ' e * e s а * excess 
nucleotide (see Fig. 6.6) can be explained by a transition from oligonucleotide 
to polynucleotide binding mode as has been observed also for (dAKc.^g com­
plexes [69]. Consistent with this would be a non-exponential decay in the 
dissociation experiments of d ( T ) 7 5 _ 3 0 complexes at N/P ratios above the stoi-
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chiometric point. However, the very low signal to noise ratio of dissociation 
time curves obtained at high N/P ratios prohibits experimental verification of 
this transition. For N/P values up to 8, an exponential dissociation time 
curve is observed (see Table 6.11). Thus up to this value the oligonucleotide 
binding mode still prevails. 
6.5d Influence of the nucleotide chain length on the apparent binding con­
stant and the effective dissociation rate of oligo(dT) - gene-5 protein com­
plexes. 
Comparison of the dissociation rates of ( d T ) . - , (dT),,, and (dT)«"^!} 
gene-5 protein complexes obtained under identical conditions, i.e. at an N/P 
ratio of 3 and a final salt concentration of 2 00 M, reveals that the values of 
τ increase with increasing chain length (see Table 6.11). This reflects a de­
crease of the dissociation rate which corresponds with an increase of the ap­
parent binding constant. Actually, the chain length dependences of τ and 
К are identical. If we assume that in solution the complex is mainly pres­
ent in the form of single oligonucleotide chains to which protein dimers are 
bound in a non-cooperative way, then we would expect that both τ and К 
are independent of the length of the oligonucleotide. Therefore we have to 
expand our model 2 of binding of a dimer along one nucleotide strand, which 
we will call henceforth the open complex, with the assumption that in solution 
there exists a strong tendency of these open complexes to dimenze by means 
of interactions between protein dimers bound to different strands. The com­
plex formed by this dimenzation will be called the closed complex. The disso­
ciation of protein from the open complex is still considered as the only way to 
produce free nucleic acid and protein; moreover the rate of this reaction 
forms the rate determining step in the total dissociation process. However, it 
is clear that the concentration of the open complex is dependent on the value 
of the equilibrium constant between the closed and the open complex. Since 
the former is stabilized by contacts between bound protein dimers it can be 
expected that an increase of the chain length of the oligonucleotide at com­
plete saturation with protein favoures the formation of the closed complex 
which enhances К as well as τ. Furthermore, upon lowering the initial 
degree of saturation of a certain oligonucleotide with protein the number of 
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protein contacts decreases which will have the same effect as a smaller chain 
length, namely a decrease of τ . This is indeed what can be seen in Table 6.11 
for the complexes with ( ^ Т ^ с . з о a * " " ^ a n ^ a f , n a l s a l t concentration of 
about 2 M NaCI: upon increasing N/P rat ios, i.e. upon lowering the degree of 
saturat ion, τ becomes smaller in general. 
As far as we know now, the effects described here seem to be valid only for 
o l igo(dT)s, because Alma et al. [67] have found that there exists no effect of 
the chain length on the average binding constant per ligand of ol igo(dA) -
gene-5 protein complexes. This followed from proton NMR t i t rat ion studies. In 
addition we have observed very strong line broadening of proton resonances 
of the protein m NMR studies in which the protein was t i t rated with 
( d T K / J d A ) , indicating the formation of larger uni ts. This extreme line broa­
dening has never been found with (dA)g or other oligo(deoxyadenylic acid)s. 
6.6 APPENDIX 
In the theoretical calculation of the rotational correlation times the fraction f_ 
4 
of the protein present in complex q served as an input parameter (of Eq. 
6.11). Below we indicate the derivation of these parameters. First consider 
the equil ibrium for model 1 
2 S • q D J* S 2 D q (q = 1,2, . . 6) (6.12) 
and for model 2 
K q 
q D S S D q (q = 1, 2, 3) (6.13) 
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where D denotes the protein dimer which binds to the 18-mer S that was used 
as the lattice m our model calculations. It is assumed that the protein covers 
three nucleotides per monomer. To be able to calculate the concentrations of 
the complexes S,D_ and SD . we introduce the intrinsic binding constant 2 q q 
K | n t , which characterizes the complex formation of one protein to an isolated 
binding site on the lattice, and the cooperativity parameter, ω, which defines 
the factor by which the binding constant increases when a protein binds adja­
cent to an already bound protein relative to isolated binding. The binding 
constants for the formation of the various complexes, as defined by Eqs. 6.12 
and 6.13, can be found with the theory of Epstein [87]. For example in model 
2 there are 13 ways to bind an isolated protein dimer to an 18-mer, due to 
potential binding site overlap. The binding constant К can be given for both 
models by 
Κ = Σ. o(M,n,q,,) K | n t q ω' (6.14) 
in which j denotes the number of cooperative contacts. The number of ways q 
protein dimers can be bound by forming J cooperative contacts is given by 
the numbers o(18,6,q,j) in Table 6.I l l below. If we make use of the mass 
conservation and mass action law 
[ S t ] = [S] • 2 I q [ S 2 D q ] (model 1) (6.15) 
[ S t ] = [S] + Σ [SD ] (model 2) (6.16) 
[ D t ] = [D] • ï q q . [S 2 D q ] (model 1) (6.17) 
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Table 6 III 
Entropy factors o, which indicate the number of different ways 
a ligand (the protein dimer), binding six nucleotides per l^gand, 
can bind to a oligonucleotide of 18 residues q is the number of 
ligands bound per oligonucleotide and j stands for the number of 
contacts between contiguous bound ligands In model 1 the ligand 
binds to opposing DNA strands, in which each dimer half is bound to 
a different strand In model 2 the dimer is bound to one DNA strand 
with the two dimer halves to adjacent parts of the nucleotide strand 
model 1 model 2 
q j a(18,6,q,j) q j o(18,6,q,j) 
1 0 13 
2 0 21 
2 1 7 
3 2 1 
1 
2 
2 
3 
3 
3 
4 
4 
4 
4 
5 
5 
5 
5 
6 
0 
0 
1 
0 
1 
2 
0 
1 
2 
3 
1 
2 
3 
4 
5 
16 
78 
13 
120 
90 
10 
35 
105 
63 
7 
4 
24 
24 
4 
1 
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[D t ] = [D] • ï q q . [SD q ] (model 2) (6.18) 
and 
[S2D ] = К [ S ] 2 [ D ] 4 (model 1) (6.19) 
[ S D q ] = K q [S] [ D ] q (model 2) (6.20) 
in which [SA and [D.] are the total nucleotide and protein-dimer concentra­
tions present in the sample, it is easy to demonstrate that for model 1 
[ D t ] = [D] * [S]2 l ( q К [О]«») ' (6.21) 
in which 
[S] = { -1 • (1 • 8 [ S t ] Σ ( К [ D ] 4 ) ) 1 7 2 } / (4 Σ (Κ D q ) } (6.22) 
and for model 2 
[ D t ] = [D] • [ S t ] £ (q К [ D ] q ) / ( 1 • Σ ( К [D]«')) (6.23) 
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[S] = [ S t ] / (1 • Zq K q [D]0") (6.24) 
For a given value of [ D J , [ S J and Κ , with the aid of the equations given, 
the free protein dimer concentration [D] and subsequently [S] and [ S ^ D l 
or [SD 1 can be calculated which in turn yield the f values. The f val-
q q q 
ues so obtained were used in Eq. 6.11. 
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CHAPTER 7 
A TWO DIMENSIONAL NMR STUDY OF THE BACTERIOPHAGE M13 
GENE-5 PROTEIN - HEXADEOXYADENYLIC ACID COMPLEX 
7.1 ABSTRACT 
A two dimensional nuclear magnetic resonance (NMR) study was performed of 
hexadeoxyadenyhc acid and of the complex of this molecule with the gene-5 
protein encoded by bacteriophage M13. In the absence of the gene-5 protein 
the connectivity patterns characteristic of r igh t handed helices were observed 
m the 2D NOE spectra of the oligonucleotide. In the 2D NOE spectra of the 
complex changes in these connectivity patterns were observed, relative to the 
patterns obtained for the free hexanucleotide. The results are interpreted by 
considering a rotation of the terminal bases of the nucleotide to a syn- type 
conformation. A prerequisi te for this conclusion is that the patterns obtained 
for the hexanucleotide m 2D NOE spectra of the complex can unambiguously 
be correlated to the st ructure of the hexanucleotide in the complexed form. It 
will be shown that th is condition is fu l f i l led . 
7.2 INTRODUCTION 
The gene-5 protein encoded by bacteriophage M13 has been the subject of 
many nucleic acid binding studies [see section 1.3 for references; Chapters 
3-6 of this thes is ] . The protein can bind in two modes: to polynucleotides 
the gene-5 protein binds m a stoichiometric ratio of four nucleotides per p ro -
tein molecule, while to smaller nucleotides (less than about 25 residues) or to 
polynucleotides at very low ionic strength three nucleotides are covered per 
prote in. In both b inding modes there is an electrostatic contr ibut ion to the 
b ind ing, result ing from interactions between the phosphates of the nucleotide 
backbone and argmyl or lysyl residues. Tyrosyl and phenylalanyl residues 
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are thought to be involved m non-electrostatic stacking interactions with the 
nucleic acid bases. Experimental data sofa г available indicate that the protein 
secondary structure is not influenced by the binding. 
Not much is known about the structural changes of nucleic acids upon binding 
to the gene-5 protein. Circular dichroism changes at wavelengths above 250 
η m observed for single stranded nucleic acids upon binding to the gene-5 
protein can be interpreted to result from an uncomplete destacking of the 
bases [147,70]. The combination of chemical shifts of adenyl resonances and 
nuclear Overhauser effects in proton nuclear magnetic resonance binding 
studies of gene-5 protein - oligo(dA) complexes appeared to be consistent 
with a conformation in which aromatic residues are stacked upon adenyl bases 
in the vicinity of the base H8 proton, located relatively far from the base H2 
proton and in which the glycosydic torsion angle is about 0°; the sugar pro­
ton that is closest to the aromatic protein residues is the H I ' proton [69]. 
In order to obtain more insight regarding structural changes which might oc­
cur in nucleic acids upon binding to gene-5 protein we performed two-
dimensional proton NMR experiments. For practical reasons we have chosen 
the hexanucleotide d(A)g as a probe to study the complexation. The adenyl 
residues provide a tool to study the important protein-base stacking interac­
tions. A comparison between the 2D NMR spectra of d(A)g alone and of d(A)g 
complexed to gene-5 protein shows that large changes in the glycosidic bond 
angle may occur. 
7.3 MATERIALS AND METHODS 
7.3a Materials 
Gene-5 protein was isolated and purified as described previously [60], except 
that during sonication of Escherichia coli no DNAse I was added. Concentra­
tions of the gene-5 protein were measured using a molar absorption coefficient 
of 7100 M cm" at the absorption maximum (276 nm) [ 2 9 ] . For NMR meas­
urements the protein solution was concentrated by ultrafiltration and lyophi-
lized two times from 99.75 % D , 0 . 
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The hexanucleotide d(A)g was synthesized using the phosphotnester method 
[148]. It lacks the 5' and 3' terminal phosphates and was used in the Na 
form. The molar absorption coefficient (257 nm) of 10320 M cm" was esti-
mated from the literature [137]. All NMR samples contained a buffer of 1 mM 
sodium cacodylate at pH 6.9. The salt concentrations of the samples are indi-
cated m the figure legends. 
7.3b NMR spectra 
Proton NMR experiments were performed on a Bruker 300 MHz or a Bruker 
500 MHz spectrometer, operating in the Fourier transform mode. Suppression 
of the water signal was performed by irradiation. Typical values of the irra-
diation power were 30 dB below 5 Watt. In all experiments the carrier fre-
quency was placed in the middle of the spectrum. One-dimensional NMR spec-
tra are presented in the absorption mode and two-dimensional spectra in the 
absolute value mode. Chemical shifts are quoted relative to 
3-trimethylsilyl-(2,2,3,3-D) propionate (abbreviated as TSP); downfield shifts 
are defined positive. 
Experiments concerning two dimensional correlated spectroscopy (COSY) 
[149-151] and two-dimensional nuclear Overhauser spectroscopy (NOESY) 
[152,153] were performed independently or combined in a COCONOSY experi-
ment [154]. Pulse phase rotations and Fourier transformations were performed 
in such a way to obtain absolute value spectra. In this paper only the spec-
tra are shown which are obtained at a field of 500 MHz. One dimensional 
spectra were not resolution enhanced prior to Fourier transformation. Two 
dimensional spectra have been resolution enhanced by using a non-phase 
shifted sine-filter for both frequency directions. Specific experimental condi-
tions are given in the figure legends. 
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7.4 RESULTS 
7.4a The d(A)g proton spectrum 
The 500 MHz H NMR spectrum of d ( A ) 6 recorded at 5 0 C is shown in Fig. 
7 . 1 . From low to high field the resonances are found in the following order. 
the base H8 and H2 protons resonate between 7.4 and 8.2 ppm (Fig. 7 . I B ) , 
the H I ' protons between 5.4 and 6.1 ppm (Fig. 7.1С), the H3', H4' and 
H57H5" protons between 3.5 and 5.3 ppm (Fig. 7.1A) and the H27H2" pro­
tons between 2.0 and 2.6 ppm (Fig. 7.1D). As observed for other oligomer 
DNA systems the H2'/H2" spectral region is a rather complex cluster of reso­
nances involving multiple J-couplings. The isolated cluster of resonances 
around 2.1 ppm belongs to the 5' terminal H2' proton [69,155]. The six H1' 
protons give rise to four resonances (Fig. 7.1С) with relative intensities of 
1:1:1:3. 
A-pA-pA-pA-pA-pA 
1 2 3 4 3 6 
•ALL 
UiiiL· 
Fig 7 1 500 MHz lH NMR spectrum of d(A) 6, 
dissolved in DoO, recorded at 5 0C The sample 
contained 22 2 mM d(A) 6 and 250 mM NaCl and 
the pH was 6 9 116 transients were recorded 
using quadrature detection stored in a 16 К 
memory No resolution enhancement procedures 
were applied A Total spectrum, the open 
triangles indicate resonances decended from 
contaminations In the sample В Subspectrum 
exhibiting H8 and H2 resonances The starred 
resonances arise from H2 protons The numbers 
added to the other resonances which arise from 
H8 protons, refer to the residues in the d(A)g 
sequence С Subspectrum exhibiting HI' reso­
nances The numbers refer to the residues in 
the d(A)g sequence D Subspectrum exhibiting 
H2 1 / H2" resonances 
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The H8 and H2 resonances (F ig. 7.1B) can be dist inguished by making use of 
the very d i f ferent relaxation properties of the H8 and H2 spins. The longitu­
dinal relaxation time of the H2 spins is much longer than that of the H8 spin 
and measurement of this relaxation time permitted the discrimination of the H2 
and H8 resonances. Further analysis of the spectrum of d ( A ) g was achieved 
by application of sequential assignment procedures developed for double hel i­
cal DNA fragments [156-158]. Intra- and inter- residue connectivities of reso­
nances m NOESY spectra between a base H8 proton and sugar H I ' or H2'/H2" 
protons allow the assignment of these resonances to specific residues m the 
DNA sequence. However, at ambient temperatures i.e. at 22 С and 27 С 
NOE connectivities could not be observed in NOESY spectra recorded at 300 
MHz and 500 MHz respectively. Only by decreasing the temperature of the 
sample to 5 C, weak NOE connectivities appeared in the spectrum. Cross 
peaks observed between H8 and H I ' , H8 and H2'/H2" resonances and between 
H I ' and H2'/H2" resonances are shown in expanded regions of the NOESY 
spectrum m Fig. 7.2. Examination of the connectivities between the H8 reso­
nances and the sugar H I ' resonances ( F i g . 7.2A) shows that the standard 
sequential assignments can only be performed to a limited extent because of 
the overlap of three of the H I ' resonances. The positions of the H8 resonanc­
es of the terminal and penultimate bases can be established; the connectivity 
pathways are indicated in Fig. 7.2A. Assignments for cross peaks between 
the H I ' resonances of the central residues 3 and 4 and their H8 resonances 
could not be ascertained unambiguously at this stage. However, combination 
of the information contained in the connectivit ies between H I ' and H2'/H2" 
resonances in the NOESY spectrum ( F i g . 7.2B and C) and in the COSY spec­
trum ( F i g . 7.3) yields sufficient additional data to be able to complete the 
assignment of the H8 resonances of the bases 3 and 4. From the intensity of 
the NOE crosspeaks in Fig. 7.2C and from the coupling patterns of the cross 
peaks in the COSY spectrum (F ig. 7.3) i t can be concluded that for the 3' 
terminal residue the H2' resonance is at low f ield with respect to the H2" r e ­
sonance. The assignments deduced m this way are collected in Table 7 . 1 . 
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Fig 7 2 Parts of the 500 MHz NOESY spectrum of d(A) 6 derived from a 
C0C0N0SY experiment performed at 5 0C The sample contained 22 2 mM d ( A ) 6 and 
250 mM NaCl, pH = 6 9 The data set consists of 2K data points in the 
ii)?-di recti on and 256 data points in the ω-,-direction, 112 FIDs were recorded 
for each experiment The spectral width was 5000 Hz and quadrature detection 
was used with the carrier frequency in the middle of the spectrum A mixing 
time of 500 ms was used Absolute value contour plots are given Subspectrum A 
(spectral region иь = 5 4 to 6 3 ppm, ω, = 7 3 to 8 2 ppm) exhibits connectiv­
ities between HI' and H8 resonances, subspectrum В (spectral region ω-, = 1 9 
to 2 7 ppm, Uo = 7 3 to 8 2 ppm) exhibits connectivities between H2' / H2" and 
H8 resonances, subspectrum С (spectral region ω, = 1 9 to 2 7 ppm, u? = 5 4 to 
6 3 ppm) exhibits connectivities between H2 1 / H2" and HI' resonances Reso­
nance assignments of the H8, HI' and H2' / H2" resonances of the different 
adenyl residues are indicated above and at the left hand side of the contour 
plots The numbering of the corresponding adenyl residues is indicated in the 
upper left hand corner 
Fig 7 3 Parts of the 500 MHz COSY spectrum of d(A) 6 derived from a COCONOSY 
experiment performed at 5 С For the relevant parameters see the caption of 
Fig 7 2 The spectral region Α (ω, = 1 9 to 2 7 ppm, up = 5 4 to б 3 ppm) 
exhibits J-connectivities between HI' and H2' / H2" resonances and the spec­
tral region Β (ω, = 1 9 to 2 7 ppm, ii>y = 1 9 to 2 7 ppm) exhibits J-
connectivities between H2 1 and H2" resonances Above the contour plots the 
assignments of the HI', H2' and H2" resonances arising from the different ade­
nyl residues number 1 through 6 (upper left corner) are indicated The number­
ing of the adenyl residues corresponds with that indicated in Fig 7 1 
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Table 7 I 
Resonance positions (in ppm) of H8, HI', 
d ( A b a t 5 0C 
H21 and H2" resonances of 
residue number resonance 
H8 H I ' H21 H2" 
7 78 
8 07 
7 97 
7 93 
7 95 
8 14 
5 92 
5 52 
5 52 
5 52 
5 69 
6 06 
2 08 
2 42 
2 30 
2 30 
2 31 
2 50 
2 38 
2 55 
2 43 
2 43 
2 51 
2 31 
7.4b Complex formation between d(A)g and the gene-5 protein 
Binding of d ( A ) e to the gene-5 protein was studied by adding ahquots of a 
concentrated d(A)e solution to a gene-5 protein solution, see Fig. 7.4. It 
followed from these experiments that three nucleotides are covered by one 
protein monomer, in agreement with earlier results from our laboratory [67]. 
Subsequently, reversed experiments were performed in which the protein was 
titrated to a d(A)g solution, see Fig. 7.5. In combination with the assign-
ments discussed in the preceding section, the positions of the H8, H2 and H1' 
resonances of the DNA hexamer were obtained from these experiments as a 
function of the protein nucleotide ratio. The results are collected in Fig. 7.6. 
The H8 and H I ' resonances are clearly more broadened than the H2 resonanc-
es. Examination of the changes in chemical shift as a function of the protein 
nucleotide ratio shows that an upfield or downfield shift of an H I ' resonance 
is accompanied by a shift of the mtraresidue H8 resonance in the same direc-
tion. 
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F i g . 7 .4 . T i t r a t i o n o f a 0.35 mM gene-5 p r o t e i n s o l u t i o n w i t h d (A)g a t 32 0 C . 
The subspectrum between 5.0 and 8.5 ppm i s shown, i n which the p r o t e i n aromat -
i c p ro tons r e s o n a t e . Curve a shows the spectrum of pure gene-5 p r o t e i n and 
curve о shows the spectrum o f pure d ( A ) g . From c u r v e b t o curve η the n u c l e o ­
t i d e c o n c e n t r a t i o n g r a d u a l l y i n c r e a s e s , up t o t h e p o i n t o f excess n u c l e o t i d e 
( c u r v e n ) . The m o n o n u c l e o t i d e t o p r o t e i n r a t i o , N/P, f o r t h e severa l curves i s 
a: 0 , b: 0 . 1 0 , c: 0 . 3 3 , d : 0 . 4 3 , e: 0 . 6 5 , f : 0 . 8 6 , g : 1.08, h: 1.30, i : 1 . 5 1 , 
j : 1.73, k: 1.95, 1 : 2 . 1 6 , 1 : 2.38 and n: 9 . 9 4 . 
I t is f u r t h e r noted t h a t for all nucleotide p r o t e i n ratios studied the e x c h a n g e 
is f a s t on the NMR time scale. Under these conditions it is in pr inciple possi­
ble to gain information on the s t r u c t u r e of t h e d ( A ) g molecule bound to t h e 
protein by the observat ion of NOE effects between the resonances of the h e x -
amer when p r e s e n t in excess to the p r o t e i n [ 1 5 9 ] . T h e n knowledge of t h e 
hexanucleotide proton chemical shifts as a funct ion of the protein and nucleo­
tide concentrations is v e r y h e l p f u l . I t permits t h e choice of conditions w h e r e 
the dispersion of t h e resonance positions is optimal, so t h a t in r e c o r d i n g 
NOESY spectra the overlap between e x p e c t e d NOE cross peaks can be avoided 
as f a r as possible. T h e protein / mononucleotide rat ios, Ρ / N, f o r which 2D 
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Fig. 7.5. Titration 
of a 2.21 mM d(A) 6 
solution with gene-5 
protein at 27 0C. The 
subspectrum between 
5.4 and 8.2 ppm Is 
shown, in which the 
ΗΓ,ΗΘ and H2 protons 
of the hexanucleotide 
and the aromatic pro­
tons of the protein 
resonate. The protein 
to mononucleotide 
ratio Ρ / N is 
a: 
c: 
e: 
g: 
i : 
k: 
m: 
o: 
q: 
0, 
0.116, 
0.194, 
0.271, 
0.310, 
0.349, 
0.388, 
0.427, 
0.556, 
b 
d 
f 
h 
j 
1 
η 
Ρ 
г 
0.078, 
0.115, 
0.223, 
0.291, 
0.330, 
0.369, 
0.407, 
0.491, 
0.621, 
s: 0.686 and t:0.946. 
Fig. 7.6 (See opposite page). Chemical shift of the H8 and H2 resonances 
(left) and HI' resonances (right) of d(A)g as a function of the ratio of the 
number of protein monomers to nucleotides (P/N). The data were derived from 
the titration of 2.2 mM d(A) 6 with gene-5 protein at 27
 0C. Peak numbers refer 
to the d(A) 6 residue number, see Fig. 7.1. Peak A is a gene-5 protein tyrosine 
resonance. At the top d(A)g subspectra are shown in the absence of protein and 
at the bottom d(A)g subspectra are given at a gene-5 protein / d(A)g ratio of 
0.621. At high P/N ratios two nucleotide resonances (H8 peaks from the resi­
dues 5 and 6) and one sharp protein resonance (from a histidyl proton) coin­
cide at 7.92 ppm. 
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Fig. 7.7. Parts of the 500 MHz NOESY spectrum recorded for a mixture of 
gene-5 protein and d(A)g in a ratio of protein to mononucleotide P/N = 0.176 
at a temperature of 27 0C. The sample contained 7.55 mM α(Α) 6 > 1 33 mM gene-5 
protein and 50 mM NaCl, at pH 6.9. The data set consists of 2K data points in 
the wg-direction and 256 data points in the ω,-direction; 112 FIDs were re­
corded for each experiment. The spectral width was 5000 Hz and quadrature de­
tection was used with the carrier frequency in the middle of the spectrum. A 
mixing time of 50 ms was used. Absolute value contour plots are given. The 
spectral regions exhibited correspond with those presented in Fig. 7.2. The 
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numbers in the upper l e f t hand corner refer to the numbers of the residues of 
d(A)g presented in Fig 7 1 The resonance assignments of the H8, HI ' and 
H2'/H2" resonances of the d i f f e r e n t adenyl residues are indicated above and at 
the l e f t hand side of the contour p lots The starred resonances above contour 
p l o t В arise from the adenine H2 protons The open diamonds in contour p l o t В 
indicate the posi t ion of the cross peaks expected from H8 / H21 and ( o r ) H8 / 
H2" spins The cross peaks observed in spectral region В most l i k e l y arise 
from connect iv i t ies between adenyl H8 and protein protons 
NOE spectra were recorded are 0 117 and 0.176 (compare Fig. 7 . 6 ) ; one of 
the results is presented in Fig. 7.7 (P / N = 0.176), in which expanded re­
gions of the NOES Y spectrum are given. Comparison with the patterns ob­
tained for the pure d(A)g (Fig. 7 2) shows that the positions of the cross 
peaks have altered, as expected from Fig. 7.6. There is a striking difference 
with respect to cross peak intensities; as mentioned m the preceding section 
the 2D NOE spectra of the pure hexamer were recorded at 5 0 C , while the 
spectra of the mixture were obtained at 25 C, where no cross peaks are ob­
served for the pure compound. Thus, the effective correlation time of the 
DNA hexamer is increased to such an extent, as a result of binding to the 
protein, that intramolecular NOEs become visible. In the spectral region 
where connectivities between H8 and H I ' resonances are observed (Fig. 7.7A) 
only one cross peak per H8 resonance is observed (in contrast to Fig. 7 . 2 ) ; 
these cross peaks are interpreted to arise from intraresidue connectivities. 
Further examination of the results presented in Figs. 7.7B and 7.7C shows 
that a number of connectivities observed m the H8 - H2VH2" spectral region 
(Fig. 7.7B) do not fall at the expected resonance positions of the H27H2" 
protons which can be derived from the H I ' - H2'/H2" spectral region (Fig. 
7.7C). This indicates that the connectivities observed in Fig. 7.7B arise from 
magnetization transfer between the H8 spins of the DNA and the methylene or 
methyl proton spins from the protein. 
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7.5 DISCUSSION 
It is well-known that the adenyl bases in single stranded deoxyadenyhc acids 
have a strong tendency for stacking. This leads to the formation of right 
handed single stranded helices in solution [160]. In the present paper these 
conclusions are reinforced for d(A)g on the basis of NOEs observed between 
base H8 and sugar proton resonances. Connectivity patterns characteristic for 
right handed helices are observed for this oligonucleotide in the 2D NOE 
spectra (cf. Fig. 7.2) [156-158]. It is interesting to note that for the 3' 
adenyl residue the order of the positions of the 2' and 2" sugar proton reso­
nances is reversed with respect to that observed in regular В-type helices. 
Perusal of the literature indicates that this is often observed for 3' terminal 
residues, even m double helical molecules. The mentioned NOE connectivity 
patterns were observed at 5 0 C . At ambient temperatures it is no longer pos­
sible to detect NOE cross peaks for d(A)g. This has most likely to do with 
rapid stacking - destacking processes, which take place at these tempera­
tures. 
As has been mentioned in the preceding section, complex formation between 
d(A)g and gene-5 protein drastically changes this picture. Now NOEs can be 
observed at ambient temperatures with a much better signal to noise ratio 
than for the free oligonucleotide at low temperature, even if the DNA is pres­
ent in significant excess with respect to the protein (Fig. 7 . 2 ) . As has been 
mentioned this can be attributed to the increase of the effective correlation 
F1g 7 8 Cross sections along the ω-,-direction of the NOESY spectrum of 
d(A)g (A, D, G), the NOESY spectrum of the gene-5 protein - d(A)g complex at a 
Ρ / N ratio of 0 117 (Β, E, H) and the NOESY spectrum of the gene-5 protein -
d(A)g complex at a Ρ / N r a t i o of 0 176 (C, F and I ) For the relevant parame­
t e r s see the captions of the Figs 7 2 and 7 7 The cross sections are taken 
at the up resonance posit ions of the H8 protons of residue 6 (А, В, C), of 
residue 2 (D, E, F) and of residue 1 (G, H and I ) The peaks marked w i t h 
str ipes in the cross sections С and F ar ise from H8 / protein proton cross 
re laxat ion 
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Fig. 7.9. Distances between sugar-protons in adenylic acid molecules, having 
a B-DNA type structure, and the base H8 protons as a function of the base ro­
tation around the glycosidic bond. A rotation of zero degrees represents the 
structure of B-DNA. The relation between the base rotation and the glycosidic 
torsion angle χ is also given, χ is defined by the angle Z(04I-C1'-N9-C4). 
Distances of a H8 proton to 5' neighbour sugar protons (A), to the intraresi-
dual sugar protons (B) and to the 3' neigbour sugar protons (C) are given. 
The different curves stand for 
HI* ( ), H2' ( ), H2" (· - ) , H3' ( ), 
N4' ( ), HS' (· ) and HS" (· ). 
time of the small molecule. The theory developed by Clore and Gronenborn 
[159] to describe the influence of this phenomenon in 1D spectra is extended 
in the Appendix (section 7.6) for 2D spectra. A model system is considered 
that consists of a solution of small molecules with two spins (with a short ro­
tational correlation time) and large molecules (with a long rotational 
correlation time) which can form complexes. When the small molecule exchang­
es between the free state and the bound state cross peaks between the reso­
nances of the small molecule may be observed which reflect the structure of 
this molecule in the bound state. Accordingly, the cross peaks observed for 
d ( A ) 6 in the hexanucleotide - protein solution are taken to reflect the struc­
ture of the hexanucleotide in the complex. 
To obtain further insight into the changes which occur upon complex forma­
tion between d ( A ) G and gene-5 protein we took cross sections along the ω·, 
direction in NOESY spectra taken of three different samples: pure d(A)g (see 
Fig. 7 . 2 ) , Ρ / N = 0 . Π 7 (NOESY spectrum not shown) and Ρ / N = 0.176 
(see Fig. 7 . 7 ) . These cross sections correspond with the resonances of H8 
protons of residues 1, 2 and 6. Examination of the cross sections (see Fig. 
7.8) shows that the relative intensity of the H8 / H I ' cross peaks is increas­
ing at the expense of the intensity of the cross peaks between H8 / H2', H2" 
for increasing protein / d(A)g ratios. At the highest ratio the intensity of 
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the H8 / H2',H2" cross peaks has even reduced to zero. The peaks that are 
still seen at ω-, = 2.2 to 2.6 ppm arise from H8 / protein cross relaxation, in 
accord with the one-dimensional NOE experiments performed earlier for the 
gene-5 protein - d(A)g complex [69]. 
In addition to the relative intensity increase of H8 / H I ' cross peaks, arising 
at increasing protein / d ( A ) , ratios (Fig. 7 . 8 ) , a disappearance of interresi-
dual H8 / HT cross peaks is observed (compare Figs. 7.2 and 7 . 7 ) . The 
most straightforward explanation of these changes is that the g lycos ι die tor­
sional angle alters its value upon complex formation of d(A)g with the pro­
tein. To illustrate this, the distance of an H8 base proton to the mtrasidual 
sugar ring protons and to the sugar protons of the 3' and 5' - neighbouring 
sugar was calculated as a function of the torsional angle χ ( c f . Fig. 7 . 9 ) . 
As the starting structure an idealized type helix [161] was used. Examination 
of Fig. 7.9 shows that a base rotation of 150 ± 30 (see upper horizontal 
scale in Fig. 7.9) leads to increased distances between the H8 base proton 
and the 5' - neighbouring H I ' , И2' and H2" protons and between the H8 base 
proton and the intraresidual H2' / H2" protons, while the distance between 
the H8 proton and the intraresidual H I ' proton decreases. To a first approx­
imation the cross peak intensities are inversely proportional to the sixth pow­
er of the distance between the respective proton spins. Hence a rotation of ~ 
150° about the glycosidic bond into a syn-type conformation provides a quali­
tative explanation of the effects observed in the NOESY spectra (Figs. 7.7 
and 7 . 8 ) . It is noted at this point that this conclusion can only be drawn 
for the bases at the end of the chain, i.e. 1, 2 and 6, which give rise to 
well resolved resonances. For the other bases this cannot (yet) be estab­
lished unambiguously as a result of resonance overlap. In earlier studies 
from our laboratory [69] it was proposed that in the helical structure of the 
gene-5 protein - DNA complex the base planes are directed along the helical 
axis. Subsequent CD experiments by Scheerhagen et al. [147] suggested 
that such a structure is only possible when the bases are m a syn conforma­
tion. The present study indicates that at least part of the bases may occur 
in the syn conformation in the DNA gene-5 protein - complex. 
There is no disagreement between our results and the two-dimensional H 
NMR data of the gene-5 protein - oligonucleotide complexes, obtained by King 
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and Coleman [162], who conclude that the oligonucleotides possess an anti 
base conformation in the complex. At a d ( A ) 4 / protein monomer ratio of 1.5 
(which corresponds to Ρ / N = 0.166) King and Coleman do obtain mternu-
cleotide H8 - HI ' NOEs while m a NOESY spectrum of a d ( A ) 8 - gene-5 pro­
tein mixture (ratio d(A)a / gene-5 protein = 0.5, so Ρ / N = 0.25) only m-
tranucleotide H8 - H I ' NOEs are observed (Fig 7 in reference [162]). We 
attribute the absence of internucleotide H8 - H I ' NOEs in this latter case as 
resulting from a syn base conformation So the picture emerges that the syn 
base conformation becomes apparent at least at large Ρ / N ratios. 
7.6 APPENDIX 
In this appendix diagonal and cross peak intensities in two-dimensional ex­
change spectra are calculated using the theory developed by Jeener et al 
[152] as the starting point A model system is considered consisting of mol­
ecules of low and high molecular weight which can form complexes with each 
other and for which NOE cross peaks are observed It will be demonstrated 
that the cross peaks detected when exchange takes place between the two molec­
ular forms are characteristic of the dipolar exchange in the high molecular 
weight form 
7.6a Method to calculate peak intensities in two dimensional exchange spectra 
In two-dimensional NMR exchange spectra the magnetisation can be transferred 
by direct dipolar interaction and by chemical exchange These effects can be 
made manifest in the spectrum by the following pulse sequence [152, 153,163] 
90° - evolution time (t,) - 90° - mixing time (t ) - 90° - detection time 
( t y ) I" practice the 90° pulses can be phased in such a manner as to enable 
quadrature detection At the beginning of the experiment the equilibrium 
magnetization (sum vector of the N spin system), M Q , points in the z-
direction We define the complex transverse magnetization of nuclei of type I 
by 
M + Î ( t ) = Ml,x ( t ) + 1 "i,V{t) (7 ^ 
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After the first 90° pulse along the x-direction an N-dimensional transverse 
magnetization vector 
M +(0) = M 0 (7.2) 
is obtained. During the evolution period the precession, decay and exchange 
of the magnetization are described by the differential equation 
(d/dt) M + = i Я M +(0) (7.3) 
in which the complex matrix Ω is the socalled spectral matrix (vide infra). 
Eq. 7.3 has the formal solution: 
M + ( t 1 ) = expOSltp M
+(0) (7.4) 
A second 90° pulse creates longitudinal magnetization: 
Μ
ζ
(4·ν 0 ) = " И е< м +(Ч)> (7·5) 
During the mixing time (see pulse sequence), relaxation and exchange of magne­
tization is described by the following differential equation: 
(d/dt) M
z
 = L (M
z
 - M 0 ) (7.6) 
in which L is the longitudinal relaxation matrix. The solution of this dif­
ferential equation is (using Eqs. 7.3 - 7.6) 
"WV = f1 " e , <P ( L *•> IXexpO'ntj)} + 1]] M o (7·7) 
The terms independent of t, give rise to the so-called axial peaks in the fi­
nal spectrum and contain no information about the exchange process [149]. 
These peaks can be cancelled by a pulse phase alternation [164] and therefore 
the relevant part of Eq. 7.7 is 
М2 ( 1 ;1' = " exp(L V Re{ e xP( i s tl) > M 0 (7·8) 
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The third pulse converts Mz(ti,t ) into transverse magnetization. As for the 
evolution period the time dependence of the magnetization during the detection 
period is governed by the spectral matrix. The final time dependence of the 
observable magnetization vector is given by 
z i[M +(t 1 >t m,t 2)] i = 
-
£
и,«,Р
 [ e X p ( l n t2)]i,j[ e xP( L t
m
)]j,e RetexpOntj)]^ [ M 0 ] p (7.9) 
Exact numerical expressions for the multiplicands in Eq. 7.8 can only be ob­
tained after diagonalization of the spectral and exchange matrices, i.e. 
(ifl') = X" 1 (ІП) X and U' = Y" 1 (L) Y (-7.10) 
where X and Y are the eigenvector matrices of ІЙ and L respect ively (see e.g. 
[ 1 6 5 ] ) . This leads to the fol lowing expressions for the matrix elements in 
Eq. 7.10: 
Ο χ ρ ( ϋ Η 2 ) ] ι Ί = î k [ X ] 1 k [ X " 1 ] ^ [ехр( ІП') t 2 ] k k (7.11) 
[ e x p d B t ^ ] ^ = r n [ X ] ^ t X " 1 ] ^ [exp( IB ' ) t ^ ^ (7.12) 
and 
[exp(L t ) ] . . = Σ„ [ Y ] . [ Y " 1 ] m l , [expíL1 t i l (7.13) 
'-
 r v
 m / J j l l m L J jm L Jmi L r v m'Jmm ч ' 
Two dimensional Fourier transformation then y ie lds the complex spectrum 
5 + ( » 1 - ^ = - Σ υ , Μ . η , , π , ρ W i k iX'Xi ( ^ [ » ' J k k - " 2 ) ) " 1 Wjn» 
[ Y ' ^ m t - P C - ' V m m ^ ^ t n ^ " ^ n p ^ ' ^ " ' ^ n n " " l » " 1 ^Μθ\ ( 7 · 1 4 ) 
The 2D exchange spectrum consists of diagonal peaks (k=n) and cross peaks 
(kin) at positions (ω,,ι^) = (Re{[n']
nn
) , Re([n']kk) with the linewidts 
M E ß ' ] ™ ) ancl ^([Я']],!,) ancl proportional to the mixing coefficient 
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•(п.к) = 
(7.15) 
The eigenvectormatrix X changes to the unit matrix in the case of slow ex­
change because the off-diagonal elements of 1Ω are zero in that case, see also 
Eq. 7.17. As a result J!' = П and 
ain.k) = -im m ^ w ^ p C - V U (sl°* exchan9e) (7·16) 
The peak-intensities in the 2D exchange spectrum of the model system defined 
below can now be calculated. 
7.6b Model system 
We consider the following model: a low molecular weight molecule carrying two 
spins may form a complex with a high molecular weight molecule (the protein) 
as indicated in the following reaction. 
(7.17) 
Form A is the low molecular weight molecule in the free state, form В repre­
sents this molecule complexed to the high molecular weight molecule. In the 
free state the spins are numbered 1 and 2, in the complexed state 3 (being 1 
in the free state) and 4 (being 2 in the free state). The spectral and ex­
change matrices representative for this model system are given below. 
protein + form A 
1 
< 
2 
kAB 
kBA 
form В 
3 
< 
4 
'
Κ2 ( 1 )" τΑΒ~ 1 + 1' " W 0 k 
ΒΑ 
О 
IB = ƒ 0 - ¥ 2 > - * А в " 1 + і -(2) 0 кВА 
к
А В
 0 -Ι»2<3)"τΒΑ"1+1 ω ( 3 ) 0 
О к
А В
 0 -R 2(4)-T B A-
1
+
i ..(4)1 
(7.18) 
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The precession frequency of nucleus ι is given by 
»(ι) = w 0 (1 • 6(i) 10"
6) (7 19) 
in which 6(i) is the chemical shift of nucleus ι (in the calculation we take 
6(1) = 8 00 ppm, 6(2) = 4 00 ppm, 6(3) = 7 00 ppm and 6(4) = 3 00 ppm) and ω 0 
is the spectrometer frequency 2ιτ 500 10 rad s ) The transverse relaxation 
constant of nucleus i, R^O). is given by [166] 
R2(i) = (7 20) 
1 5 К r"6 [3T C(I) + 5T C(I) /(1 + UQ
2
 τ^ι)2) + 2 т
с
(і)/(1 + 4
ωο
2
τ
ς
(ι )2)] 
fi - 7 
For protons the constant К has the value 5 6968 Ä s The exchange matrix 
equal s 
/pOhiAu"1 σ(1) -тцд"1 0 
σ(2) P(2)*T A B-
1
 0 -t^" 1 
-тдв"
1
 0 Р О ^ В Д " 1 O(3) ƒ (7 21) 
О -тдв"
1
 о(4) P(4)*IBA-
1/ 
in which the spin-lattice relaxation is given by 
PÍO = Σ
α
 (W0(i,j) + ZWjd.j) + W2(i,j)) (7 22) 
and the cross-relaxation by 
σ(ι) = Ij (W2(i,j) - W0(i,j)) (i * J) (7 23) 
The two spin system transition probabilities used in the former two Eqs are 
W0(i.j) = (K/r(i,j)6) T C(I) / [1 + {ω0(β(ι) - 6(j))Tc(i)}2] 
WjO.j) = (K/r(i,j)6) 1 5 T C(I) / [1 + (ω0 ic(i))2] 
W2(i,j) = (K/r(i,j)6) 6T C(I) / [1 • {2ω0 iji)}2] (7 24) 
In order to make the model calculations more realistic, an extra contribution 
of 
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К t
c
 {(1/4) 6 + (1/3)б}{1/[1 + (» 0 τ ε(ι)
2] + 4/[1 + 4(ω 0 т с(і))
2]} (7 25) 
is added to the spin-lattice relaxation (see Eqs 7 20 and 7 21), to Indicate 
that the lattice relaxation only has a minor influence on the 2D exchange peak 
intensities The terms in Eq 7 25 correspond with the existence of two hypo­
thetical spins at a distance of three and four Λ (see [167] Now all input-
parameters are given, and the 2D exchange peak intensities can be calculated 
by using Eq 7 15 and standard matrix manipulation routines [168] 
For simplicity it has been assumed that the solution conditions are adjusted 
such that T.g = τη. = k The dipolar relaxation only takes place between 
spin 1 and spin 2 in form A and between spin 3 and spin 4 In form В (besides 
some small 'leak' to the external spins, represented by Eq 7 25) The dif­
ference in molecular weight between the molecules is reflected in the rota-
-9 tional correlation times For form A it is assumed that τ = 2 χ 10 s and 
for form В that τ = 10 s The distance between the protons is the same in 
both forms and amounts 3 0 A The results of the calculations are summarized 
1n Fig 7 10 where the intensities of cross peaks and diagonal peaks have been 
plotted as a function of k In the absence of exchange the intensities of the 
cross peaks in a NOESY spectrum of form A are much smaller than the Intensi­
ties of the cross peaks in a NOESY spectrum of form В 3(1,2) = 0 03 (see 
curve c) and a(3,4) = 0 48 (see curve f) (Fig 7 10A) Due to the lower rota­
tional correlation time dipolar exchange of magnetisation is less efficient in 
form A than it is in form В However, upon increasing the exchange rate the 
intensities shift to a common value of 0 20, while the resonances shift to a 
common position (shown in the upper part of Fig 7 10A) The peaks (1,3) and 
(2,4) (for both see curve d 1n Fig 7 10A) are the result of chemical ex­
change In the situation of absence of dipolar exchange in form A the inten­
sities of diagonal and cross peaks are given in Fig 7 10B At higher exchange 
rates the intensity of cross peaks between protons in form A (a(l,2), curve c) 
increases to 0 19, despite the absence of direct dipolar exchange In this 
case the magnetisation is first chemically transferred from proton 1 to proton 
3 and then chemically transferred from proton 3 to proton 4 due to dipolar 
exchange in form В This gives a cross peak at the same position and at the 
same intensity as when the magnetisation is subsequently transferred from pro­
ton 4 to proton 2 at high exchange rates The only reason for the appearance 
of cross peaks is the dipolar relaxation in form В The results of these mod-
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Fig 7 10 Simulation of the intensities a of the peaks in a 2D exchange 
spectrum of the four spin model system, given in the text, as a function of 
the chemical reaction rate к (кд
В
 = к
В
д) in Eq 7 1 (Appendix) Two different 
cases are described A) A direct dipolar exchange exists between spins 1 and 
2 and between spins 3 and 4 In the upper part of the figure the chemical 
shift positions of spins 1 and 3 are given B) A direct dipolar exchange ex­
ists only between spins 3 and 4 The letters a to f indicate the following 
combinations of the coupled spins ι and j a (1,1), b (3,3), с (1,2), d 
(2,4), (1,4) and (3,2), f (3,4) Note that a 
ij Ji 
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el calculations clearly show that in the case of fast exchange between two 
molecular forms with a large difference in the effectiveness of dipolar relax-
ation the cross peaks in the exchange spectrum of a mixture of both forms 
originate from the molecular form with the greatest dipolar exchange. Fur-
thermore, better spectra, that means in this case stronger cross peaks, are 
obtained for higher molecular weights, in contrast to most NMR experiments. 
The results obtained here are analogous to those which Clore and Gronenborn 
derived for one dimensional exchange spectra [159]. On the basis of the re-
sults obtained in this Appendix it is concluded that the NOEs observed between 
the protons of d(A)g for the gene-5 protein - DNA sample arise from the nu-
cleotide in the bound state and not from the free state. 
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SUMMARY 
The interaction of proteins with nucleic acids plays a central role in cellular 
processes. In this thesis the interaction of the bacteriophage M13 encoded 
gene-5 protein with nucleic acids has been chosen as a model system to study 
the principles underly ing protein - nucleic acid interactions. Much is already 
known of the life cycle of bacteriophage M13 and the role of its gene-5 p ro -
tein in this process. Chapter 1 gives a l i terature review of the knowledge 
collected so far . 
I t appears that the binding of gene-5 protein to DNA or RNA can be de-
scribed by the model of McGhee and Von Hippel, m which the nucleic acid is 
considered as an inf ini te lattice of repeating units to which a protein molecule 
can bind covering a sequence of three or four of these uni ts. Binding theo-
ries needed to derive binding constants, stoichiometry and cooperativity of 
the binding are given in Chapter 2, including extension or modification of the 
McGhee and Von Hippel model for the binding to smaller lattices (oligonucleo-
tide binding) or binding in more than one specific mode. This chapter also 
describes some theoretical aspects of the kinetics of the b ind ing, especially 
concerning the irreversible dissociation of complexes of the protein with poly-
or oligonucleotides. 
The influence of the type of sugar or base in the DNA or RNA on the 
binding properties was studied in Chapter 3 by means of fluorescence t i t r a -
tions with salt of complexes of gene-5 protein with various homo- and hetero-
poly(deoxy)ribonucleotides. It appears that the base and sugar composition of 
the polynucleotides are the major factors which determine the binding specif-
ic i ty . In contrast the salt dependency of the binding and the cooperativity 
are equal within the experimental accuracy for all the polynucleotides studied. 
The significance of these binding characteristics for the role of the protein in 
vivo is discussed. From calculations based upon these binding data it follows 
that a functional hairpin (hairpin A) in the mtergenic region of the M13 ge-
nome is not melted by gene-5 protein, in line with suggestions in the l i tera-
tu re . On the other hand, in the experiments of Fulford and Model [83] i t has 
been shown that the gene-5 protein and the gene-32 protein (encoded by bac-
teriophage T4) cannot replace each other translational repressor funct ions. 
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Calculations based on the binding data known for gene-32 protein and on 
those given for gene-5 protein in Chapter 3 reveal that an explanation for the 
results of Fulford and Model cannot be given by considering the binding af­
finities alone, but that some preferential binding to a certain structure (or 
sequence) of mRNA will also play a role. 
Chapter 4 describes fluorescence depolansation studies of the binding of 
gene-5 protein to oligo(deoxy)thymidilic acids. From the dependence of the 
rotational correlation time, obtained from these experiments on the nucleotide 
to protein ratio it was evident that the cooperativity of the binding in these 
complexes is very low or even completely absent, which is in sharp contrast 
to the polynucleotide binding. Also the stoichiometry of the binding appeared 
to be lower for oligonucleotides than for polynucleotides (3 residues per pro­
tein molecule instead of 4 ) . 
In Chapter 5 stopped flow experiments are presented which were used to 
study the dissociation kinetics of gene-5 protein - poly(dA) and ΜΊ3 DNA 
complexes upon addition of salt. For the complexes with poly(dA) always zer-
oth - order kinetics is obtained independent of the initial degree of saturation 
of the lattice, while for the M13 DNA complex this is only valid at complete 
saturation of the complex before dissociation. At lower values of the initial 
degree of saturation first - order kinetics is observed. This behaviour can be 
explained only partly by the existing kinetic models for this type of dissocia­
tion, which are described in Chapter 2. However, a complete explanation can 
be obtained by assuming that only protein molecules can dissociate which are 
bound on isolated sites on the lattice. This dissociation is accompanied by a 
redistribution of bound protein, which is fast with respect to the dissociation 
itself for the poly(dA) complex, but slow for the M13 DNA complex. NMR 
experiments of gene-5 protein - poly(dT) complexes showed that due to the 
high binding cooperativity this redistribution does not lead to line broadening 
of nucleotide resonances m the NMR spectra of these complexes. 
Chapter 6 starts with fluorescence titrations of poly(dA) or M13 DNA with 
gene-5 protein as a function of the ionic strength, including very low values 
of the ionic strength. It appeared that the binding of the protein to these 
polynucleotides takes place in two different modes, of which one is only im-
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portant at low salt concentrations. In addition this chapter contains an 
extensive study of the binding to oligonucleotides by means of fluorescence 
t i t ra t ions, fluorescence depolansation experiments and measurements of the 
irreversible dissociation kinetics of ol igo(dT) - gene-5 protein complexes. The 
observed f i r s t order dissociation kinetics is consistent with the absence of 
binding cooperativity which already was concluded from the fluorescence de-
polarisation experiments. Furthermore comparison of the calculated and meas-
ured fluorescence depolansation curves and the observation of a nucleotide 
chain length dependence of the apparent b inding constant and of the dissocia-
tion rate constant all indicate that the protein is bound in these complexes 
with its two dimer halves to the same strand in stead of to two di f ferent 
strands as is generally accepted 
Finally in Chapter 7 a two dimensional NMR study is presented of the gene-5 
protein - d (A)g complex. A fast exchange is observed between the protein 
and the hexa(deoxy)adenylic acid on the NMR time scale. It is shown that 
under the experimental circumstances the cross peaks in the NOESY spectra 
of the hexa(deoxy)nucleotide arise from the d(A), . in the complexed state. 
Evidence is obtained that the nucleotide undergoes a conformational change 
upon binding of the prote in. 
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SAMENVATTING 
De interactie tussen eiwitten en nuclemezuren speelt een centrale rol in 
cellulaire processen. In dit proefschrift is de interactie tussen het door 
bacteriofaag M13 gecodeerde gen-5 eiwit en nuclemezuren gekozen als model 
systeem om de grondbeginselen van de eiwit - nuclemezuur interacties te 
bestuderen voor enkelstrengs DNA bindende eiwitten. Veel is al bekend van 
de levenscyclus van bacteriofaag M13 en de rol van het eigen gen-5 eiwit m 
dit proces. Hoofdstuk 1 geeft een literatuuroverzicht van de tot op heden 
verzamelde kennis. 
Het blijkt dat de binding van gen-5 eiwit aan DNA of RNA beschreven kan 
worden met het model van McGhee en Von Hippel. Hierin wordt het 
nuclemezuur beschouwd als een oneindig lang rooster van repeterende 
eenheden waaraan een eiwitmolecuul kan binden, daarbij drie of vier van deze 
eenheden bedekkend. In Hoofdstuk 2 worden bindingstheorieën gegeven die 
nodig zijn om bindingsconstanten en stoichiometry en coöperativiteit van de 
binding af te leiden. Ook wordt het McGhee en Von Hippel model aangepast 
c .q . uitgebreid voor de binding aan kleine roosters (oligonucleotide binding) 
en voor de sitatie dat gelijktijdig binding op verschillende manieren 
plaatsvindt. Dit hoofdstuk beschrijft ook enige theoretische aspecten van de 
kmetiek van de binding, m het bijzonder aangaande de irreversibele 
dissociatie van complexen van het eiwit met poly- of oligonucleotiden. 
De invloed van het type suiker of base in het DNA of RNA op de 
bindingseigenschappen wordt beschreven m Hoofdstuk 3 aan de hand van 
fluorescentie titraties met zout van complexen van gen-5 eiwit met 
verschillende homo- en heteropoly(deoxy)ribonucleotiden. Het blijkt dat de 
base- en suiker-samenstelling van de polynucleotiden de belangrijkste factoren 
zijn die de bmdmgsspecificiteit bepalen. Daarentegen blijken de 
zoutafhankelijkheid van de binding en de coöperativiteit hetzelfde te zijn 
binnen de experimentele meetnauwkeurigheid voor alle onderzochte 
polynucleotiden. De betekenis van deze bindingseigenschappen met 
betrekking tot de biologische rol van het eiwit wordt besproken. Uit 
berekeningen gebaseerd op deze bindingsgegevens volgt dat een functionele 
hairpm (hairpm A) m het intergeen gebied van het M13 genoom niet door 
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gen-5 eiwit wordt uitgesmolten, overeenkomstig suggesties m de literatuur. 
Aan de andere kant laten de experimenten van Fulford en Model [83] zien dat 
het gen-5 eiwit en het gen-32 eiwit (gecodeerd door bactenofaag T4) eikaars 
translatie repressor functie niet kunnen overnemen. Berekeningen, gebaseerd 
op bindingsgegevens gepubliceerd voor gen-32 eiwit en eveneens bepaald voor 
gen-5 eiwit (zie Hoofdstuk 3) laten zien dat de resultaten van Fulford en 
Model met verklaard kunnen worden door alleen maar de bindingsaffmiteiten 
te beschouwen, maar dat voorkeursbinding aan een bepaalde structuur (of 
sequentie) aan het mRNA ook een rol moet spelen. 
Hoofdstuk 4 beschrijft fluorescentie depolansatie studies betreffende de 
binding van gen-5 eiwit aan oligo(deoxy)thymidme zuren. Uit het verband 
tussen de rotatie-correlatietijd en de nucleotide - eiwit verhouding werd het 
duidelijk dat de couperativiteit van de binding m deze complexen erg laag of 
zelfs in het geheel afwezig is, hetgeen m scherpe tegenstelling staat tot de 
polynucleotide binding. Ook de stoichiometry van de binding bleek lager voor 
oligonucleotiden dan voor polynucleotiden (3 residueen per eiwitmolecuul in 
plaats van 4 ) . 
In Hoofdstuk 5 worden stopped flow experimenten beschreven aangaande de 
dissociatie kinetiek van gen-5 eiwit - poly(dA) en M13 DNA complexen bij 
toevoeging van zout. BIJ de complexen met poly(dA) wordt altijd een nulde 
orde kinetiek verkregen, onafhankelijk van de begmwaarde van de 
verzadigingsgraad van het rooster, terwijl voor het M13 DNA complex dit 
alleen zo is bij complete verzadiging van het complex voor dissociatie. BIJ 
lagere begmwaarden wordt een eerste orde kinetiek waargenomen. Dit gedrag 
kan slechts gedeeltelijk verklaard worden met de bestaande kinetische 
modellen voor dit soort dissociatie zoals beschreven in Hoofdstuk 2. Een 
complete verklaring kan echter verkregen worden door te veronderstellen dat 
alleen eiwitmoleculen kunnen dissocieeren die gebonden zijn op geïsoleerde 
plaatsen op het rooster. Samen met deze dissociatie vindt een herverdeling 
van gebonden eiwitten plaats, die voor het poly(dA) complex snel is in 
verhouding tot de dissociatie zelf, maar voor het M13 DNA complex langzaam. 
NMR experimenten aan gen-5 eiwit - poly(dT) complexen laten zien dat als 
gevolg van de hoge bmdingscooperativiteit de herverdeling niet tot 
lijnverbredmg van de nucleotide resonances in het NMR spectrum van deze 
complexen leidt. 
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Hoofdstuk 6 begint met fluorescentie titraties van poly(dA) en M13 DNA met 
gen-5 eiwit als functie van de zoutsterkte, ook voor zeer lage waarden van de 
zoutsterkte. De binding van het eiwit aan polynucleotiden blijkt plaats te 
vinden op twee verschillende manieren, waarvan er één alleen belangrijk is bij 
zeer lage zoutsterkte. Verder bevat dit hoofdstuk een uitgebreide studie van 
de binding aan oligonucleotiden door middel van fluorescentie titraties, 
fluorescentie depolansatie experimenten en bepaling van de irreversibele 
dissociatie kinetiek van oligo(dT) - gen-5 eiwit complexen. Het feit dat 
eerste orde dissociatie kinetiek wordt gevonden komt overeen met de 
afwezigheid van bindmgscoöperativiteit, hetgeen al geconcludeerd werd uit 
fluorescentie depolansatie metingen. Vervolgens wijzen de onderlinge 
vergelijking van de berekende en gemeten fluorescentie depolansatie curven 
alsmede het waarnemen van een nucleotide ketenlengte afhankelijkheid van 
zowel de dissociatiesnelheidsconstante als de bindmgsconstante steeds op een 
bindingswijze van het eiwit waarbij de twee dimeerhelften met dezelfde 
nucleotide streng verbonden zijn, m plaats van met twee verschillende 
strengen, zoals algemeen wordt aangenomen. 
Tenslotte wordt in Hoofdstuk 7 een twee-dimensionale NMR studie 
gepresenteerd van het gen-5 eiwit - d(A)g complex. Een snelle uitwisseling op 
de NMR tijdsschaal wordt waargenomen tussen het eiwit en het 
hexa(deoxy)adenine zuur. Onder de experimentele omstandigheden zijn de 
kruispieken m de NOESY spectra van het hexa(deoxy)nucleotide afkomstig 
van het d(A)g in de gebonden toestand. Bewezen wordt dat het nucleotide 
een conformatie-verandenng ondergaat bij binding van het eiwit. 
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STELLINGEN 
behorende bij het proefschrift "The nucleic acid binding properties of the 
gene-5 protein encoded by bacteriophage MIJ". 
1. Zowel Kneale en Wijnaendts van Resandt als Tsugita en Kneale hebben 
bindingsexperimenten verricht met het PF1 DNA bindende eiwit en 
verscheidene polynucleotiden. De indruk wordt gewekt dat deze binding 
coöperatief verloopt. Hiervoor worden echter te weinig indicaties 
gegeven. Duidelijkheid hieromtrent zou wel verkregen kunnen worden uit 
bindingscurven gemeten bij hogere zoutsterkte of uit Scatchard plots. 
Kneale, G.G. en Wijnaendts van Resandt, R.W. (1985) Eur. J. Biochem. 
149, 85-93 
Tsugita, A. en Kneale, G.G. (1985) Biochem. J. 228, 193-199 
2. Bij bindingsexperimenten van enkelstrengs nucleïnezuur bindende eiwitten 
met poly(dl) of poly(rl) dient rekening gehouden te worden met de helix-
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